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Climate change and a growing world population are predicted to place significant strain on 
global food security in the 21st century. In order for agriculture to provide food, feed and fuel, it 
is essential that high-performance crops be developed that are productive, resilient, and require 
minimal use of inputs. Plants using C4 photosynthesis display many of these traits: in C4 leaves, a 
biochemical carbon-concentrating mechanism significantly boosts photosynthetic efficiency and 
overall productivity, while improving the efficiency with which key inputs such as water or 
nitrogen are used. Several of the world's most important and productive crops, such as maize, 
sugarcane, and sorghum, all use the C4 pathway. However, even this high-performance system is 
imperfect, and could be significantly improved. In this thesis we explore strategies for the 
improvement of C4 photosynthesis in crops. In Chapters 1-3, prospects for optimizing leaf 
biochemical activity to improve C4 photosynthetic CO2 assimilation are examined. In Chapters 
4-7, the relationship of C4 photosynthetic CO2 assimilation with water loss through transpiration 
is examined, along with how this tradeoff could be improved. 
Photosynthesis depends on a suite of biochemical reactions, and the rate limitation of a single 
enzymatic reaction can affect the entire process of photosynthetic CO2 assimilation. For a given 
amount of leaf nutrients, partitioning is optimal when photosynthesis is co-limited by all of these 
enzymes, rather than limited by a single process. In Chapter 1, a meta-analysis of published 
measurements suggests that C4 plants are photosynthetically adapted to the level of atmospheric 
[CO2] in which their ancestors evolved over the past 400, 000 years, rather than to today's 
current [CO2]. In a modern, high-CO2 atmosphere, this configuration is sub-optimal and leads to 
over-investment into the carbon-concentrating mechanism at the expense of other processes.  
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In C4 plants, rate limitation of photosynthesis may be narrowed down to a single enzyme under 
certain conditions. At low temperature (<15 °C), C4 photosynthesis is generally impaired; this is 
largely due to limitation by the carboxylation enzyme Rubisco. In fact, it has been suggested that 
structural limitations within C4 leaves could physically limit the volume available for 
chloroplastic Rubisco investment. In Chapter 2, the hypothesis that total chloroplast volume 
limits the capacity of C4 plants to photosynthesize effectively at chilling temperatures is 
examined. In leaves of several C4 species, it was found that chloroplast volume, determined via 
confocal microscopy, is more than sufficient to support Rubisco contents that would not be 
limiting to photosynthetic CO2 assimilation at chilling (<14 °C) temperatures.  
In Chapter 3, chilling tolerance of the cold-tolerant C4 grass Miscanthus x giganteus is explored, 
a hybrid between Miscanthus sacchariflorus and Miscanthus sinensis, which maintains 
photosynthesis even at <14 °C by upregulating expression of key rate-limiting enzymes such as 
Rubisco and PPDK. Accessions of the parent species M. sacchariflorus, originating from the 
northern limit of occurrence of the species in Russian Siberia, are identified that surpass the 
exceptional cold tolerance of M. x giganteus. These show potential for breeding of even more 
cold tolerant M. x giganteus clones. However, it is clear in all Miscanthus accessions that the 
shift of photosynthesis away from optimal co-limitation, as described in Chapter 1, is even more 
pronounced at low temperature. Even these highly competent species are unable to optimally 
adjust nutrient allocation at low temperature. 
All higher plants experience a tradeoff between photosynthetic carbon assimilation and water 
loss through transpiration, as the pathway for CO2 entry into the leaf, via specialized pores called 
stomata, allows an escape route for water vapor. In Chapter 4, published measurements for maize 
are combined with a leaf and canopy biophysical model, showing that a substantial reduction in 
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stomatal conductance at today's atmospheric [CO2] could cut plant water loss with minimal 
consequence to total CO2 assimilation. This emerges as a result of the apparent lack of 
photosynthetic acclimation to increasing atmospheric [CO2], as implied from the analysis in 
Chapter 1. In Chapter 5, an attempt to reduce stomatal conductance to test this theoretical 
prediction is undertaken by downregulation of expression of the SPCH gene in S. bicolor.  While 
the construct was shown to be present, no physiological or anatomical effect of this insertion 
could be demonstrated. 
In Chapters 1-5, photosynthesis and stomatal conductance are primarily considered under steady-
state conditions, which are not representative of the fluctuating environmental conditions 
typically experienced by plants in the field. In particular, for photosynthesis and photosynthetic 
water-use efficiency to be maintained requires that photosynthesis and stomatal conductance are 
co-ordinated to avoid unnecessary transpiration. In many species, this coordination is not 
achieved due to slow stomatal movement speed, especially when a leaf suddenly goes into shade. 
In chapter 6, a large and diverse population of Sorghum bicolor lines is phenotyped, and 
significant variability in stomatal responses to fluctuating light is identified. The complex trait of 
stomatal closure is shown to be moderately heritable, and is significantly mapped to genetic 
markers.  
The coordination of photosynthetic carbon assimilation with stomatal conductance, and its effect 
on photosynthetic water-use efficiency, is examined in Chapter 7 with a focus on water use 
efficiency during sun to shade transitions. Greater variability in ability to maintain water-use 
efficiency under fluctuating light conditions than at steady state is found across a wide range of 
sorghum lines. This reflects variable kinetics in both photosynthesis and stomatal conductance, 
and is linked to leaf stomatal patterning. 
v 
 
In conclusion, while C4 photosynthesis is regarded as the most efficient pathway available, this 
study shows there are nevertheless significant opportunities for improvement. Variability in cold 
tolerance of photosynthesis in Miscanthus, and in stomatal conductance and water-use efficiency 
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Chapter 1: A widening gap between achieved and optimal photosynthesis: C4 plants are still 
adapted to pre-industrial atmospheric [CO2] 
Abstract 
Plants using C4 photosynthesis develop a carbon-concentrating mechanism (CCM) within their 
own leaves to suppress photorespiration, significantly boosting photosynthetic efficiency and 
overall productivity. Generally C4 photosynthesis is thought to operate at substantial CO2 over-
saturation, suggesting an over-investment of leaf nutrients into the CCM. However, elevated 
atmospheric [CO2] provides the opportunity to partially relax leaf resource allocation to the 
CCM, and instead prioritize investment into other photosynthetic enzymes. This study collected 
published responses of net photosynthetic CO2 uptake (A) to intercellular [CO2] (ci) in diverse C4 
species: these were used to determine the rate of ci-saturated A (Vmax) and the maximum apparent 
rate of PEPc carboxylation (Vpmax). Here Vpmax partially represents the activity of the CCM, 
whereas Vmax gives A achieved once the CCM has fully saturated the primary carboxylation 
enzyme Rubisco. At a given ci, A is the minimum of Vmax and Vpmax-limited photosynthesis. At 
the level of A and ci at which plants naturally operate, i.e. the operating point of photosynthesis, 
investment into the CCM is optimal when A is co-limited by Vmax and Vpmax: this corresponds to a 
CCM strong enough to fully saturate Rubisco exactly at the operating point of photosynthesis. 
We show that due to over-investment into the CCM, A is limited only by Vmax in C4 plants, 
irrespective of taxonomy or C4 subtype. Re-allocation of leaf resources from Vpmax towards Vmax 
in order to achieve co-limitation of the operating point by both processes, was predicted to 
improve A and water-use efficiency by 13% and 19%, respectively, in key C4 crops. This would 
require no additional inputs but rather a different partitioning of existing leaf nutrients, and so 
would increase efficiency of utilization of key resources such as nitrogen. Irrespective of 
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evolutionary lineage or functional grouping, the analysis suggests C4 species do not 
autonomously achieve this optimized configuration to today’s elevated CO2 environment. In fact, 
crops appear further from optimality than closely-related wild species. It appears C4 plants 
remain adapted to the atmospheric conditions of the past 400, 000 years, and have not adjusted to 
the recent, rapid increase in atmospheric [CO2] of the past few decades.  
Introduction 
Global food security is challenged by an increasing world population, stagnating crop yields, and 
rapid climate change (FAO et al., 2017; Long et al., 2006a; Ray et al., 2013; Sage and Zhu, 
2011; von Uexkull et al., 2016; Zhu et al., 2010). Increasing atmospheric [CO2] may provide 
some buffer against these risks, enabling a boost in photosynthetic light, nitrogen and water-use 
efficiency (Long et al., 2004). This should decrease agronomic costs and the environmental 
impacts of agriculture by reducing the use of water and fertilizers per unit of yield (Sage and 
Zhu, 2011). However many crops have failed to achieve the photosynthetic improvement 
expected under elevated [CO2] (Ainsworth and Long, 2005; Gray et al., 2016; Leakey et al., 
2009; Long et al., 2004; Long et al., 2006b). In order to secure the 21st century’s world food 
supply, it is vital that our crop’s responses to elevated [CO2] be accurately predicted and adapted 
(Kromdijk and Long, 2016). 
Photosynthesis depends on a suite of biochemical reactions, and the rate limitation of a single 
enzymatic reaction can affect the entire process of CO2 assimilation. For a given amount of leaf 
nutrients, partitioning is optimal when net leaf-level photosynthesis (A) is co-limited by all of 
these enzymes, rather than limited by a single process (Kromdijk and Long, 2016; Sage and 
Coleman, 2001; Zhu et al., 2007). In C3 plants, a central process of photosynthesis is 
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carboxylation by the enzyme Rubisco. Efficiency of this process generally increases with [CO2] 
at Rubisco, such that an altered balance of enzymes is required to achieve optimal co-limitation 
under elevated [CO2] (Kromdijk and Long, 2016; Zhu et al., 2007; Zhu et al., 2010). While it 
appears plants do not autonomously adjust resource allocation, transgenic manipulation of 
enzyme production has been used to alter leaf enzyme content and approach optimal A under 
ambient and elevated [CO2] (Drake et al., 1997; Kohler et al., 2017; Rosenthal et al., 2011; Sage 
and Coleman, 2001). 
Does this strategy hold promise for C4 plants? Several of the world’s most productive crops, 
maize (Zea mays L.), sorghum (Sorghum bicolor (Lu.) Moench) and sugarcane (Saccharum 
officinarum L.) use C4 photosynthesis to concentrate CO2 within their leaves, saturating Rubisco 
to minimize oxygenation and so achieving higher rates of CO2 assimilation (Furbank, 2011; 
Sage, 2004; Sage and Zhu, 2011). Consequently, increased atmospheric [CO2] does not provide a 
significant boost to C4 photosynthesis (Leakey et al., 2006; Markelz et al., 2011). Generally the 
benefits of elevated [CO2] to C4 photosynthesis are considered more modest than to C3, enabling 
only improved water-use efficiency through a reduction in stomatal conductance to water vapor 
(gs) and resulting in improved soil water content (Ghannoum, 2009; Leakey et al., 2006; Long et 
al., 2004). However, with purposeful manipulation of the photosynthetic and stomatal 
machinery, significant improvement in productivity, resource-use efficiency and resilience might 
be achieved in these essential crops (Sage and Zhu, 2011). This provides one potentially cost-
effective research solution to a looming problem of crop yield stagnation (Ray et al., 2013; Sage 
and Zhu, 2011; Zhu et al., 2010).  
The objective of this study was to combine published measurements of photosynthetic CO2 
assimilation at past, current and future atmospheric [CO2] with a simple simulation to test the 
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hypothesis that reallocation of leaf resources such as nitrogen could result in a significant boost 
to leaf C4 photosynthesis under current and future atmospheric conditions. 
Materials and methods 
Literature search and data acquisition 
Computerized literature searches for publications recording measurements of A-ci curves in C4 
plants were performed using the www.webofknowledge.com database. 50 publications were 
found that were published later than 1999, documenting 761 A-ci curves for 48 C4 species. 
Where the curves were presented as figures in the publication, they were digitized using Dexter 
digitizing software (Demleitner et al., 2001). Otherwise authors (listed in the acknowledgements) 
were contacted to obtain the data used to construct the curves (Table AI). Only curves which 
were measured in well-watered and fertilized plants, at high light (incident photon flux density 
>800 µmol m−2 s−1 for plants grown in controlled environments and >1500 µmol m−2 s−1 for 
field-grown plants) and in the measurement temperature range 25-35 °C were used. 
A-ci curve analysis 
The response of A to intercellular [CO2] (ci), or A-ci curve, is a common measurement used to 
determine in vivo enzymatic activity and operating levels of gs (Long and Bernacchi, 2003; von 
Caemmerer, 2000; Wullschleger, 1993). In C4 plants, the response of A to ci is biphasic; 
characterized by a steep increase in A at low ci, followed by an abrupt transition to a ci-saturated 
phase, where A benefits very little from further increases in ci (Sage and Kubien, 2003; von 
Caemmerer, 2000). Under saturating light, A is theoretically limited by the maximum apparent 
rate of PEPc carboxylation (Vpmax) at low ci, whereas ci-saturated photosynthesis (Vmax) is limited 
by either the maximum apparent rate of Rubisco carboxylation (Vcmax) or the maximum apparent 
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rate of PEP regeneration (Vprmax) (Kubien et al., 2003; von Caemmerer, 2000). Therefore Vpmax 
and Vmax define the shape of the A-ci curve.  
Individual responses of net photosynthetic CO2 uptake (A) to intercellular [CO2] (ci), or A-ci 
curves, were fit to a nonrectangular hyperbolic function as described previously (Leakey et al., 
2006), and Vmax was estimated as the predicted value of each function at ci=2000 ppm. The 
response of A to ci was used to solve for Vpmax at the range of ci where A and ci were 
approximately linearly related; this led to an upper threshold of ci=50-125 μmol mol-1 (von 
Caemmerer, 2000). Temperature-dependent estimates of Kp were based on that measured in 
detail for the C4 grass Setaria viridis (L.) P. Beauv. (Boyd et al., 2015). All curve fitting was 
performed using non-linear regression (PROC NLIN, SAS v8.02; SAS Institute, Cary, NC, 
USA). In order to standardize comparisons between measurements at different temperatures, 
values for Vmax and Vpmax normalized to 25 °C, i.e. Vmax, 25 and Vpmax, 25, were obtained following 
the Arrhenius temperature response curves for Vmax and Vpmax described in Z. mays by (Massad et 
al., 2007). 
The operating level of ci was that calculated for an external [CO2] equal to that at which the plant 
had been grown [CO2]. The estimated value for A at this ci, was defined as the operating point of 
photosynthesis (Aoperating). In order to identify the extent to which Aoperating was ci-saturated, 
Aoperating was normalized to the plateau of the A-ci response (i.e. Aoperating/Vmax). Often the stomatal 
conductance to water vapor (gs) was not reported, therefore gs was calculated from Fick’s first 
law of diffusion (Flexas et al., 2008) as: 
gs=(Aoperating/(ca-ci)) x 1.6 
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Where 1.6 is the ratio of the diffusivities of CO2 and water in air, and Aoperating and gs are at 
steady state during measurement of the operating point. Intrinsic water-use efficiency (iWUE) 
was calculated as iWUE=Aoperating/gs (Webster et al., 2016). 
Optimization of Vmax/Vpmax 
As described above, Vmax and Vpmax result from separate enzymatic processes (von Caemmerer, 
2000). Because the processes underlying Vmax and Vpmax rely on the same leaf resources (e.g. leaf 
N), transfer of resources from one process to the other will result in a decrease in the former, and 
an increase in the latter. The relative balance in Vmax and Vpmax will affect the shape of the A-ci 
curve, with a low Vmax/Vpmax describing a curve with a steep initial slope relative to a low plateau, 
and a high Vmax/Vpmax describing a shallow initial slope relative to a high plateau.  
At a given level of gs, nutrient allocation between Vmax and Vpmax is optimized, and Aoperating 
maximized, when the operating point of photosynthesis is co-limited by Vmax and Vpmax, i.e. 
Aoperating occurs at the intersection of curves describing Vmax and Vpmax-limited photosynthesis. 
This defines the optimal ratio of Vmax/Vpmax (Kromdijk and Long, 2016; Zhu et al., 2007). It 
follows that, if the observed level of Aoperating is not co-limited by Vmax and Vpmax, resource 
partitioning is not optimal. For instance, if Aoperating is only limited by Vmax, then Vpmax is greater 
than is necessary: a transfer of leaf resources from Vpmax towards Vmax will cause an increase in 
Aoperating until the point of optimal co-limitation of Aoperating by Vmax and Vpmax is reached; any 
further resource transfer will cause Aoperating to become Vpmax-limited, and decline. Assuming 
constant gs, any increase in Aoperating will always improve iWUE. The key question then is: what 
is the exchange rate between Vmax and Vpmax? 
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During data collection, a large and detailed dataset was made available of A-ci curves measured 
at 25°C in leaves with different levels of leaf N in the C4 NADP-ME grass Miscanthus x 
giganteus Greef et Deu. (Wang et al., 2012). Using this data, linear regression was used to 
determine the relationship of Vmax and Vpmax with total leaf N (PROC GLM, SAS Institute). 
Given a linear relationship of Vmax and Vpmax as a function of total leaf N, we can then estimate 
how much Vmax would increase for a given decrease in Vpmax, and vice-versa, with total leaf N 
held constant. Because measurements by (Wang et al., 2012) were taken at 25°C, we can also 
use the Arrhenius temperature response curves for Vmax and Vpmax in Z. mays (described above) 
(Massad et al., 2007) to estimate how this tradeoff between Vmax and Vpmax varies at temperatures 
other than 25°C. 
Assuming that the tradeoff in Vmax vs. Vpmax is similar in M. x giganteus as in other C4 species, 
this relationship was used to simulate resource transfer between Vmax and Vpmax in all collected A-
ci curves. Iterative estimation was used to find the amount of transfer between Vmax and Vpmax, 
that would cause Aoperating to be co-limited by Vmax and Vpmax. The corresponding level of optimal 
Aoperating and iWUE were also recorded. A similar method has been used previously to describe 
optimal co-limitation of Aoperating by the maximum apparent rate of Rubisco carboxylation (Vcmax) 
and maximum apparent rate of linear electron transport (Jmax) in C3 crops (Kromdijk and Long, 
2016). 
Statistical analysis 
A-ci curves extracted from published figures were obtained using Dexter digitizing software 
(Demleitner et al., 2001), such that a single measurement was available per treatment within each 
study. Typically a single sample curve was displayed, which was assumed representative of other 
measurements, such that no additional weighting was performed based on replication or other 
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factors. The remaining A-ci curves were obtained through correspondence with the authors (listed 
in the acknowledgements) (Table AI) resulting in many measurements for each source. To 
overcome sample biasing, one average statistic was obtained per publication for each treatment: 
for instance, one author provided 51 A-ci curves, corresponding to 3-4 replicate measurements in 
8 species at two levels of growth [CO2] (Pinto et al., 2014). Each of these curves was 
individually analyzed to derive Vmax, Vpmax, Vmax/Vpmax, Vmax, 25, Vpmax, 25, Vmax, 25/Vpmax, 25, Aoperating, 
gs, iWUE, and Aoperating/Vmax; as well as the predicted optimal levels of Vmax, Vpmax, Aoperating, and 
iWUE (described above). The average for each of these parameters was obtained for each species 
and treatment, resulting in 16 values for Vmax, Vpmax, Vmax/Vpmax, Aoperating, gs, iWUE, and 
Aoperating/Vmax; and for the predicted optimal levels of Vmax, Vpmax, Aoperating, and iWUE.  
This averaging was used in all datasets provided by authors, which condensed the measurements 
from 761 total A-ci curves into 138 values for Vmax, Vpmax, Vmax/Vpmax, Vmax, 25, Vpmax, 25, Vmax, 
25/Vpmax, 25, Aoperating, gs, iWUE, and Aoperating/Vmax; and for the predicted optimal levels of Vmax, 
Vpmax, Aoperating, and iWUE, which were used for statistical analysis. 93 of these were from plants 
grown at current ambient [CO2] and were used for phylogenetic comparisons (Flexas et al., 
2008; Skillman, 2008). 45 observations included plants grown at sub-ambient (<350 ppm) or 
elevated (>450 ppm) [CO2], these were used to analyze the effect of growth [CO2].  
Variation in the following photosynthetic parameters was analyzed statistically: Vmax, Vpmax, 
Vmax/Vpmax, Vmax, 25, Vpmax, 25, Vmax, 25/Vpmax, 25, Aoperating, gs, iWUE, and Aoperating/Vmax. In plants 
grown at ambient [CO2], a one-way ANOVA (PROC GLM, SAS Institute) was used to 
determine whether any of these parameters significantly differed between fixed plant groups. 
The following comparisons were made: 1) monocots vs. dicots; 2) within the PACMAD clade of 
grasses (Poaceae), differences between the Chloridoideae subfamily, and the Andropogoneae 
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and Paniceae tribes of the Panicoideae subfamily as in (Cousins et al., 2008; Ghannoum et al., 
2001a, b); 3) within the Andropogoneae, crops vs. wild species. Here the crop species were Z. 
mays, S. officinarum, and S. bicolor.  Plant subfamily and tribe were as defined by (Grass 
Phylogeny Working Group II, 2012) and (Delgado et al., 1999). Comparisons were also made 
between the three main C4 subtypes: NADP-ME, NAD-ME, and PEP-CK: 1) across all 
monocots, and 2) solely within the Paniceae tribe. In addition to comparing parameters between 
plant groups, the fixed effect of growth [CO2] on Vmax, 25, Vpmax, 25, and Vmax, 25/Vpmax, 25, as well as 
the predicted optimal levels for each of these parameters, was determined by linear regression 
(PROC GLM, SAS Institute). The fixed effect of growth [CO2] on Aoperating/Vmax was determined 
by linear regression in two separate phases: plants grown from sub-ambient to ambient 
atmospheric [CO2], and plants grown from ambient to elevated atmospheric [CO2] (PROC GLM, 
SAS Institute).  
Homogeneity of variance was tested by Levene and normality of residuals by Shapiro-Wilke 
(PROC UNIVARIATE, SAS Institute) at p=0.01 threshold. As a result, Vpmax, 25 proved not to be 
not normally distributed and therefore the non-parametric Kruskal-Wallis test was used to 
identify differences between phylogenetic groups (PROC NPAR1WAY, SAS Institute). In 
comparisons between more than two groups, a Tukey test was performed alongside the ANOVA 
in order to identify pairwise differences between groups. For all statistical tests a significance 
threshold of α=0.05 was used; for tests between C4 subtypes within the Paniceae tribe a 




Analysis of A-ci response curves and leaf N content in the C4 NADP-ME grass M. x giganteus, 
showed an operating point that was only Vmax-limited, irrespective of leaf N content (Fig. 1.1b). 
There was a linear relationship of both Vmax and Vpmax vs. total leaf N at 25°C (Fig. 1.1 a) (Wang 
et al., 2012). The slope of this relationship was 25.8 µmol m-2 s-1 g-1 for Vmax, and 34.4 µmol m-2 
s-1 g-1 for Vpmax. On this basis, the exchange rate between Vmax and Vpmax was calculated as 34.4 / 
25.8=1.33, i.e. for a given level of leaf N, at 25°C, 10% improvement in Vmax can be achieved at 
the expense of 13.3% in Vpmax. This tradeoff was adjusted according to the temperature response 
of Vmax and Vpmax (Massad et al., 2007): for instance, at 30 °C, Vmax and Vpmax are predicted to 
increase by 22% and 45%, respectively, relative to 25 °C. Therefore at this temperature the 
exchange rate between Vmax and Vpmax was calculated as (34.4 x 1.45) / (25.8 x 1.22)=1.58, i.e. 
for a given level of leaf N, at 25°C, 10% improvement in Vmax can be achieved at the expense of 
15.8% in Vpmax. This tradeoff was used to determine an optimal ratio of Vmax/Vpmax at which 
Aoperating would be co-limited by Vmax and Vpmax. 
Phylogenetic variation of photosynthesis 
Vmax, 25 and Vpmax, 25 showed respectively a 5- and 7-fold variation across measured species, and 
were significantly correlated (Fig. 1.2). Much of the variation in these two parameters, in 
addition to Aoperating, gs and iWUE, was associated with taxonomic differences (Table 1.1, Fig. 
1.3). Vmax, 25 was significantly greater in monocots than in dicots, and several interesting patterns 
also emerged within monocot species. The Andropogoneae tribe had 50% greater gs than the 
Paniceae, and 53% greater Vmax, 25/Vpmax, 25 than the Chloridoideae (Table 1.1, Fig. 1.3 a, b). 
However, high Vmax, 25/Vpmax, 25 was not a ubiquitous feature within the Andropogoneae. Within 
this tribe, the three main crop species (Z. mays, S. officinarum, S. bicolor) demonstrated 19% 
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greater Vmax, 25, 46% greater Vpmax, and 35% greater Aoperating, when compared to wild species. 
This was associated with 17% lower Vmax, 25/Vpmax, 25 and 11% greater Aoperating/Vmax in crops (Fig. 
1.3 a, c). Within monocots, the NADP-ME C4 subtype showed increased gs and Vmax, 25/Vpmax, 25, 
and reduced iWUE, particularly when compared to the NAD-ME subtype (Fig. 1.3 d). This was 
apparent even when limiting the comparison of C4 subtypes to the Paniceae tribe, which contains 
representatives of all three subtypes (Table 1.1) (Cousins et al., 2008).  
Optimal vs. achieved Vmax/Vpmax  
Achieved Vmax, 25/Vpmax, 25 was lower than the predicted optimum ratio in nearly all plants grown 
at ambient [CO2]. Optimization of this ratio by transfer of leaf resources from Vpmax, 25 to Vmax, 25, 
was predicted to result in 13% and 19% improvement in Aoperating and iWUE, respectively, in the 
key C4 crops Z. mays, S. bicolor and S. officinarum (Table 1.1). This is apparent when 
highlighting results in Z. mays grown at modern levels of atmospheric [CO2] (Fig. 1.4 a, c): 
Aoperating is localized to the plateau of the A-ci response, and is far from the point of co-limitation 
by Vmax and Vpmax. Therefore, transfer of resources from Vpmax to Vmax reduces the initial slope, 
and raises the plateau, of the A-ci response; until Aoperating is co-limited by Vmax and Vpmax. This 
results in a substantial increase in Aoperating. In this analysis, gs is held constant, such that the CO2 
supply function is the same for both achieved and optimal A-ci curves. Because Aoperating 
increases in the optimal A-ci curve, but gs is held constant, iWUE also improves. 
Contrary to measurements at modern ambient [CO2], Vmax, 25,/Vpmax, 25 was close to optimal at the 
growth [CO2], when plants were grown at pre-industrial levels of [CO2], circa 180 ppm (Fig. 1.5 
c). Whereas the observed Vmax, 25/Vpmax, 25 showed only minor sensitivity to growth [CO2], the 
predicted optimal ratio increased significantly with growth [CO2], such that at atmospheric 
[CO2]=750 ppm the optimal ratio was ca. 0.8 (Fig. 1.5c). Additionally, Aoperating/Vmax significantly 
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increased from sub-ambient to ambient [CO2], but not from ambient to elevated [CO2], where it 
was >0.87 on average; this suggests Aoperating was ci-saturated and Vmax-limited only for plants 
grown at current ambient and elevated [CO2] (Fig. 1.5 d). Vmax, 25 and Vpmax, 25 were not 
significantly affected by growth [CO2] (Fig. 1.5 a, b). 
These trends were apparent when highlighting results in Z. mays from studies comparing growth 
from sub-ambient to ambient [CO2] (Pinto et al., 2014) and from ambient to elevated [CO2] 
(Kim et al., 2007) (Fig. 1.4). In both cases, Vmax and Vpmax were insensitive to growth [CO2], such 
that the A-ci curves of plants grown at different [CO2] were virtually identical. However, 
increasing growth [CO2] did cause the operating level of ci to increase, resulting in an operating 
point that was shifted further from the point that would be optimal for resource-use investment, 
i.e. the point of co-limitation by Vmax and Vpmax, in other words the point of intersection of curves 
describing Vmax- and Vpmax-limited photosynthesis. At ambient and elevated growth [CO2], 
photosynthesis operated on the plateau of the A-ci response, such that Aoperating/Vmax approached 1 
(Fig. 1.4 a, c, d). In plants grown at sub-ambient [CO2], Aoperating was very close to the point of 
co-limitation by Vmax and Vpmax, such that achieved and optimal A-ci curves for Vmax and Vpmax 
were virtually identical (Fig. 1.4 b). In contrast, for plants grown at ambient and especially 
elevated [CO2], a significant transfer of resources from Vpmax to Vmax, i.e. a significant increase in 
Vmax/Vpmax, was necessary to achieve optimal co-limitation of photosynthesis by Vmax and Vpmax.  
Discussion 
Significant phylogenetic variation in photosynthetic traits was observed in C4 plants. Vmax/Vpmax 
was sub-optimal in nearly all observations, such that optimization of this ratio could significantly 
increase photosynthesis, water and resource-use efficiency, particularly in crops and apparently 
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for no additional investment of nitrogen or water. This inefficiency seemed to arise because of 
increasing atmospheric [CO2]; indeed optimal co-limitation of A by Vmax and Vpmax was observed 
only in plants grown at the pre-industrial level of atmospheric [CO2].  These results indicate a 
potential opportunity to sustainably increase photosynthetic carbon gain in C4 crops. 
Photosynthetic parameters vary between plant classes within monocots 
The overall correlation of Vmax, 25 and Vpmax, 25 across species, is indicative of a general ability by 
plants to balance out biochemical processes (Fig. 1.2). A similar correlation is seen between 
maximum apparent rate of Rubisco carboxylation (Vcmax) and maximum apparent rate of linear 
electron transport (Jmax) in C3 species, and is attributed to the effective allocation of nitrogen to 
Rubisco and chlorophyll (Wullschleger, 1993). 
Only Vmax, 25 was significantly different between monocots and dicots (Table 1.1). In contrast, 
taxonomic groups within the grasses varied significantly in terms of Vmax, 25/Vpmax, 25 and gs, 
possibly as a result of divergent evolutionary lineage, or because of the C4 subtype used in each 
of these groups. In monocots, the NADP-ME C4 subtype showed increased gs, Vmax, 25 and Vmax, 
25/Vpmax, 25, but reduced iWUE relative to the NAD-ME and PEP-CK subtypes (Fig. 1.3 a, b, d, 
Table 1.1). This general trend was apparent even when comparing C4 subtypes only within the 
Paniceae, where the NADP-ME subtype maintained generally higher Vmax, 25, Vmax, 25/Vpmax, 25 and 
gs, and lower iWUE (Table 1.1). Despite considerable phylogenetic variation in traits such as 
Vmax, 25/Vpmax, 25 and iWUE, both Aoperating and Aoperating/Vmax were generally conserved across 
taxonomic groups and C4 subtypes, in line with previous measurements of C4 plants (Fig. 1.3c) 
(Ghannoum et al., 2001a; Pinto et al., 2016; Taylor et al., 2010). 
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Analysis of monocots overall and of the Paniceae tribe alone loosely pointed to reduced iWUE 
in the NADP-ME relative to the NAD-ME subtype (Table 1.1, Fig. 1.3 d). NADP-ME and NAD-
ME C4 grasses around the world are best suited to relatively wetter and drier environments, 
respectively; this is consistent with our results (Bocksberger et al., 2016; Cabido et al., 2008; 
Ghannoum, 2009; Pinto et al., 2014; Ripley et al., 2007; Wan and Sage, 2001). However, there is 
mounting evidence that evolutionary adaptation to dryer environments in different plant classes 
is a stronger determinant of iWUE than C4 subtype (Cabido et al., 2008; Ghannoum et al., 2001a, 
b; Liu et al., 2012; Pinto et al., 2016). These studies have made significant process in 
dissociating the effects of evolutionary lineage and C4 subtype on photosynthetic characteristics 
of C4 grasses.  
While our study did not allow such in-depth exploration of this topic, it was noteworthy that 
Vmax, 25/Vpmax, 25 was not conserved between plant classes (Table 1.1, Fig. 1.3 a). Whether this is 
due to C4 subtype or taxonomic grouping is unclear based on this analysis, although an 
association with C4 subtype seems more likely. Indeed, leaf resources such as nitrogen are 
optimally allocated for a given level of leaf N when Aoperating is co-limited by all underlying 
enzymatic processes (Kromdijk and Long, 2016; Zhu et al., 2007); in this study this optimal 
status is approximated by co-limitation by Vmax and Vpmax. Variation in photosynthetic nitrogen-
use efficiency is primarily associated with C4 subtype, rather than evolutionary lineage (Pinto et 
al., 2016). The increased Vmax, 25 of NADP-ME species shown here is consistent with the faster 
Rubisco (Ghannoum et al., 2005) and generally improved nitrogen-use efficiency (Pinto et al., 
2016) of this photosynthetic subtype. 
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Vmax/Vpmax is generally sub-optimal, especially in crops 
Achieved Vmax/Vpmax was lower than the predicted optimum in virtually all plants grown at 
ambient [CO2] (Table 1.1), such that Aoperating was generally limited only by Vmax, and not co-
limited by Vmax and Vpmax (Fig. 1.4 a, c). At a given level of leaf nutrients and gs, increased 
Vmax/Vpmax will reduce the initial slope of the A-ci curve, and cause Aoperating to shift towards the 
initial slope and away from the plateau; this would be evidenced by reduced Aoperating/Vmax. 
However, there was no evidence that the greater Vmax/Vpmax of the Andropogoneae and/or of the 
NADP-ME subtype within the monocots prevented Aoperating from being shifted onto the plateau 
of the A-ci response: Aoperating/Vmax was conserved at ca. 0.9 irrespective of taxonomic group or C4 
subtype (Table 1.1). This was because the Andropogoneae and the NADP-ME subtype monocots 
also had relatively high gs, which caused Aoperating to be on the plateau of the A-ci response and 
therefore sub-optimal in terms of resource allocation between Vpmax and Vmax. 
Optimization of Vmax/Vpmax by transfer of leaf resources from Vpmax to Vmax was predicted to result 
in 13% and 19% improvement in Aoperating and iWUE, respectively, in the key C4 crops Z. mays, 
S. bicolor and S. officinarum (Table 1.1, Fig. 1.4 a, c). Within the Andropogoneae, all of which 
use the NADP-ME subtype, Vmax/Vpmax was ca. 20% lower in crops than in wild plants (Table 
1.1, Fig. 1.3 b). This occurred because crops showed 46% greater Vpmax than wild plants but only 
19% greater Vmax. Vmax/Vpmax was further from the predicted optimal ratio in crops than in wild 
plants; as a result, Aoperating/Vmax was ca. 11% greater in crops than wild plants (Fig. 1.3 c).  
Together, these observations suggest that a disproportionate increase in Vpmax compared to Vmax 
during crop selection and breeding, has resulted in a modified shape of the A-ci response curve in 
crops, with a steeper increase of A at low ci relative to the plateau. This has caused a shift of 
Aoperating towards the plateau of the A-ci response, and further from the point of optimal co-
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limitation by Vmax and Vpmax (Fig. 1.4). High photosynthetic rates, such as are seen in crops, are 
generally associated with increased mesophyll conductance (gm) (Barbour et al., 2016; Flexas et 
al., 2008; Ubierna et al., 2017). Possibly the greater increase of Vpmax in crops is partly due to 
greater gm, which would facilitate CO2 access to PEP carboxylase and result in improved 
apparent carboxylation rate of this enzyme.  
The assumption that the exchange rate between Vmax and Vpmax is the same in M. x giganteus as in 
all the other species assessed here, should be considered with some suspicion, especially 
regarding species from different evolutionary lineages and even more so species using NAD-ME 
or PEP-CK subtypes of C4 photosynthesis. This does not affect the main conclusion that in all 
species Aoperating was Vmax-limited leading to sub-optimal Vmax/Vpmax, but it does introduce some 
uncertainty regarding the extent to which Aoperating and iWUE could be improved by optimization 
of Vmax/Vpmax. Of course, optimization of Vmax/Vpmax is mainly of interest to improve productivity 
and resource-use efficiency in crops, and the main C4 crops are closely related to M. x giganteus, 
being Andropogoneae NADP-ME (Grass Phylogeny Working Group II, 2012). Therefore in 
crops the benefits of optimizing Vmax/Vpmax are likely predicted with reasonable accuracy. 
Additionally, there is the caveat that leaf N content was unknown for the majority of these 
measurements, although based on the limited dataset available in M. x giganteus it does not 
appear that leaves with different levels of leaf N are better able to achieve optimal co-limitation 
of photosynthesis (Fig. 1.1a).  
Vmax/Vpmax is adapted to pre-industrial [CO2] 
When photosynthetic parameters were examined as a function of the atmospheric [CO2] that 
plants were grown in, no significant statistical variation in Vmax, 25 and Vpmax, 25 with growth [CO2] 
could be detected, though there was a modest increase in their ratio (Vmax, 25/Vpmax, 25) (Fig. 1.5 a, 
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b, c). This indicated that the general shape of the A-ci curve across all data collected did not 
significantly change with growth [CO2] (Fig. 1.4). Aoperating/Vmax increased from ca. 0.7 at pre-
industrial [CO2] to ca. 0.87 at ambient [CO2], but did not increase further under elevated [CO2] 
(Fig. 1.5 d). This indicates that at pre-industrial [CO2], Aoperating was not as ci-saturated as it is 
today, and therefore the operating point of photosynthesis being located on the plateau of the A-ci 
response curve may be a recent phenomenon resulting from the rapid increase in atmospheric 
[CO2] and insufficient time for natural selection or breeding selection to restore optimality. As 
atmospheric [CO2] continues to rise, Aoperating may therefore be expected to shift further onto the 
plateau, with Vmax/Vpmax becoming even more sub-optimal in terms of resource partitioning 
within the photosynthetic apparatus of the leaf (Fig. 1.4 d).  
Because Aoperating was exclusively Vmax-limited at elevated [CO2], under these conditions a 
significantly increased ratio of Vmax/Vpmax would be necessary to regain optimality. This would 
correspond to a decreased initial slope, but heightened plateau, of the A-ci response curve. Of 
course, this is based on a relatively simple model for the transfer of leaf resources from Vpmax to 
Vmax, and it must be recognized that the underlying processes are too complex to be described by 
the simple interpretation made here. However, Vpmax as determined at the biochemical level is 
defined primarily by the activity of PEP carboxylase (Boyd et al., 2015), suggesting down-
regulation for example by RNAi could save leaf resources such as nitrogen without affecting leaf 
CO2 uptake.  This would make resources available to support an increase in Rubisco and 
Pyruvate Pi dikinase, which are considered the major controls over Vmax at saturating light 
(Furbank et al., 1997). Broadly, we conclude that elevated [CO2] provides the opportunity to 
relax resource investment into the C4 CO2-concentrating mechanism, partially represented by 
Vpmax, and instead prioritize investment into Vmax in order to boost Aoperating and iWUE. 
18 
 
In contrast, achieved and optimal Vmax/Vpmax were equivalent in plants grown at the pre-industrial 
[CO2] of ca. 180 ppm. This is close to the average atmospheric [CO2] of the past 400,000 years 
(Sage, 2004; Sage and Coleman, 2001). Under these relatively recent historical growing 
conditions, Aoperating of C4 plants was therefore co-limited by Vmax and Vpmax. Similarly, in C3 
plants little to no acclimation occurs as growth [CO2] changes, such that Aoperating is not co-
limited by Vcmax and Jmax under elevated [CO2] (Bernacchi et al., 2005; Kromdijk and Long, 
2016; Sage and Coleman, 2001). The sub-optimal Vmax/Vpmax seen in modern C4 plants indicates 
they are still adapted to low [CO2] having had relatively few generations of selection to adapt 
(Pinto et al., 2016; Pinto et al., 2014). 
Conclusion 
Significant phylogenetic variation in photosynthetic traits was observed in C4 plants. Vmax/Vpmax 
was sub-optimal in plants grown at ambient [CO2], such that optimization of the ratio could 
significantly improve photosynthesis and water-use efficiency, particularly in crops. The benefit 
to this optimization will be even more pronounced under the elevated [CO2] anticipated in the 
mid-century atmosphere. While C4 photosynthesis is typically not expected to increase under 
elevated [CO2], we show that a significant improvement is theoretically achievable, based on 
reallocation of leaf resources from Vpmax to Vmax. The complex nature of the C4 mechanism may 
have prevented this optimization from occurring naturally, or it may simply be the result of the 
rapid rise in [CO2] relative to the time required for evolutionary adaptation. As noted above there 
may be some obvious targets for improving Vmax/Vpmax via genetic engineering, gene editing of 
promoter/suppressor elements or possibly through exploitation of natural variation.  Given the 
gains in productivity for no increase in either water or nitrogen use, these would seem well worth 
testing.   
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Table and Figures 
Table 1.1: Mean and standard error for the CO2-saturated rate of photosynthesis normalized to 25 °C (Vmax, 25), maximum apparent rate of 
PEPc carboxylation normalized to 25 °C (Vpmax, 25), ratio of Vmax, 25/Vpmax, 25, operating level of A (Aoperating), intrinsic water-use 
efficiency (iWUE), stomatal conductance to water vapor (gs), and ratio of Aoperating/Vmax, for several plant groups. Where significant 
differences were found, values are shown in bold and superscripts indicate significantly different groups using a multiple-comparison Tukey test. 
Significance was declared at p<0.1 (bold gray) when comparing C4 subtypes within the Paniceae, and at p<0.05 otherwise (bold black). Data is 
shown for plants grown at ambient [CO2]. Values for Vmax/Vpmax, Aoptimal and iWUE predicted from optimal co-limitation of Aoperating by 
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Figure 1.1: a) ci-saturated rate of photosynthetic CO2 uptake (Vmax) and maximum apparent rate of PEPc carboxylation (Vpmax) measured at 25 °C 
in leaves of Miscanthus x giganteus with different N content. Datapoints are mean ± s.e. for 14-18 leaves. Lines are a best-fit linear regression. b) 
Average fit curves for Vpmax and Vmax-limited photosynthesis of Miscanthus x giganteus leaves with high (red) and low (green) N content. Curves 
for Vpmax-limited photosynthesis (dashed) are drawn for ci<400 µmol mol-1, whereas curves for Vmax-limited photosynthesis (solid) are drawn for 
ci<800 µmol mol-1. CO2 supply functions (dotted) are traced to represent stomatal limitation to A, where the intersection of the A-ci curves and 






Figure 1.2: Correlation of ci-saturated rate of photosynthetic CO2 uptake normalized to 25 °C (Vmax, 25) and maximum apparent rate of PEPc 
carboxylation normalized to 25 °C (Vpmax, 25) in plants grown at modern levels of atmospheric [CO2]. Datapoints are a mean per study and 






Figure 1.3: Mean and standard error bar in different plant groups within the monocots for a) the ratio of ci-saturated  photosynthetic CO2 uptake 
normalized to 25 °C (Vmax, 25) to the maximum apparent rate of PEPc carboxylation normalized to 25 °C (Vpmax, 25), b) operating stomatal 
conductance to water vapor (gs), c) the ratio of operating net photosynthetic CO2 uptake (Aoperating) to Vmax, d) intrinsic water-use efficiency 
(iWUE). Letters above each bar are Tukey groups with significance declared at p<0.05. Andropogoneae, Chloridoideae, and Paniceae are 
taxonomic groups within the monocots. NAD-ME, NADP-ME, and PEP-CK are C4 photosynthetic subtypes. Crops are Zea mays, Saccharum 





Figure 1.4: Average measured (colored) and predicted optimal (black) fit curves for Vpmax and Vmax-limited photosynthesis of Zea mays from two 
studies comparing photosynthesis (A) at ambient [CO2] (blue) to A at sub-ambient (green) (a, b) (Pinto et al., 2014) and elevated [CO2] (red) (c, d) 
(Kim et al., 2007). Curves for Vpmax-limited photosynthesis (dashed) are drawn for ci<400 µmol mol-1, whereas curves for Vmax-limited 
photosynthesis (solid) are drawn for ci<800 µmol mol-1. CO2 supply functions (dotted) are traced to represent measured and predicted stomatal 
limitation to A, where the intersection of the A-ci curves and supply functions gives the operating point of photosynthesis (Aoperating). Optimal 
functions (black) show an optimal redistribution of leaf resources between photosynthetic enzymes to achieve co-limitation of A by Vmax and Vpmax 





Figure 1.5: Response to growth [CO2] of a) ci-saturated photosynthetic CO2 uptake normalized to 25 °C (Vmax, 25), b) the maximum apparent rate 
of PEPc carboxylation normalized to 25 °C (Vpmax, 25), c) Vmax, 25/Vpmax, 25, d) the ratio of operating net photosynthetic CO2 uptake (Aoperating) to Vmax. 
Datapoints are observed measurements (black) and predicted measurements under optimal co-limitation of Aoperating by Vmax and Vpmax (white). In 
panels a), b), c), lines are a best-fit linear regression to the observed data (solid line) and the predicted measurements under optimal co-limitation 
of Aoperating by Vmax and Vpmax (dashed line). In panel d), lines are a best-fit linear regression to the observed data from sub-ambient to ambient 
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Chapter 2: Bundle sheath chloroplast volume does not restrict photosynthesis during chilling 
across four diverse C4 species 
Abstract 
C4 leaves consign Rubisco to bundle-sheath cells. The size of the bundle-sheath compartment, 
and the amount of chloroplast within, limits the space available to house Rubisco, relative to C3 
leaves. In most instances, C3 plants outperform C4 plants in chilling environments, thus it has 
been suggested that at low temperature, there is insufficient bundle-sheath chloroplast volume 
available in C4 leaves to increase Rubisco content. We investigated this potential limitation by 
measuring leaf anatomical characteristics in two C4 crops (Zea mays L., Saccharum officinarum 
L.), a wild C4 species (Alloteropsis semialata J. Presl), and a wild, chilling-tolerant C4 species 
(Miscanthus x giganteus Greef et Deu.). Measurements included leaf thickness, inter-veinal 
distance, the size of bundle-sheath and mesophyll compartments and the volume of chloroplasts 
within. Despite significant differences in structural traits between species, there was no evidence 
of increased volume of bundle-sheath chloroplast available per leaf area in chilling-tolerant 
relative to chilling-sensitive species. Photosynthetic capacity calculated from this volume of 
chloroplast exceeded achieved photosynthetic rates even at low temperature. Bundle-sheath 
chloroplast volume does not restrict chilling photosynthesis in C4 plants through capacity to 
house Rubisco.  
Abbreviations 
Asat: light saturated net leaf rate of photosynthetic CO2 assimilation (µmol m-2 s-1) 
29 
 
Amax, chl: leaf maximal photosynthetic capacity based on BS chloroplast volume per unit leaf area 
(µmol m-2 s-1) 
BS: bundle-sheath 
IVD: inter-veinal distance (µm) 
M: mesophyll 
volBS: bundle-sheath volume per leaf area (m3 m-2) 
volBS, chl: bundle-sheath chloroplast volume per leaf area (m3 m-2) 
volM: mesophyll volume per leaf area (m3 m-2) 
volM, chl: mesophyll chloroplast volume per leaf area (m3 m-2) 
%BS, chl: % occupancy of the bundle-sheath by chloroplasts (dimensionless)  
%M, chl: % occupancy of the mesophyll by chloroplasts (dimensionless) 
Introduction 
C4 photosynthesis in plants involves a biochemical CO2 concentrating mechanism: PEP 
carboxylase assimilates CO2 in the mesophyll (M) cytosol into C4 compounds which are 
transferred to, and decarboxylated in, enlarged bundle-sheath (BS) cells (von Caemmerer and 
Furbank, 2003). In C4 plants, all Rubisco is localized to the BS, where the increased [CO2] 
effectively eliminates photorespiration, greatly improving photosynthetic efficiency (Hatch, 
1987). This unique anatomy of enlarged BS cells radially arranged around leaf veins, enclosed 
and isolated from the leaf air spaces by the surrounding M cells, is characteristic of the majority 
of C4 plants and is termed Kranz anatomy (Dengler and Nelson, 1999). 
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The efficiency of C4 photosynthesis under warm conditions is evident in the high productivity of 
the crops maize (Zea mays L.), sorghum (Sorghum bicolor (Lu.) Moench) and sugarcane 
(Saccharum officinarum L). However, the majority of these plants are characterized by poor 
chilling tolerance of photosynthesis, limiting them to warmer environments (Long, 1983; Long 
and Spence, 2013; Sage, 2002). Improved chilling tolerance could expand growing regions and 
lengthen growth seasons for C4 crops (Glowacka et al., 2016). For instance, Miscanthus x 
Giganteus Greef et Deu. is an unusually chilling-tolerant C4 grass, of interest for cellulosic 
biomass production (Heaton et al., 2010). In side-by-side trials with Z. mays in the US Midwest, 
M. x giganteus achieved 59% greater biomass by producing photosynthetically competent leaves 
earlier in the year and maintaining them several weeks after Z. mays had senesced (Dohleman 
and Long, 2009). This growth advantage may be even more pronounced in the near future, as 
disruption of climate due to global warming may cause more frequent and intense cold weather 
events in spring across the corn-belt (Kim et al., 2017). Understanding and harnessing the 
potential of chilling-tolerant C4 photosynthesis could provide much needed improvement in the 
yield and robustness of key C4 crops (Long et al., 2006; Yin and Struik, 2017; Zhu et al., 2010). 
Because C4 leaves restrict Rubisco to the BS, the potential to house this enzyme is roughly 
halved relative to C3 leaves, where all photosynthetic cells may house the enzyme (Dengler et 
al., 1994). Under moderate temperatures, flux analysis shows Rubisco as a major control point 
on the rate of CO2 assimilation in C4 leaves, as it is in C3 leaves (Raines, 2011; Zhu et al., 2007).  
Since catalytic rate will decline with temperature, Rubisco would become an even greater 
limitation unless the amount is increased.  However, it has been suggested that BS chloroplast 
volume would impose a limit on any increase in C4 plants, so disadvantaging them relative to C3 
at chilling temperatures (<20 °C) (Kubien and Sage, 2004; Sage and McKown, 2006). This was 
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supported by the observation that leaves of chilling tolerant C3 plants often increase Rubisco 
content during acclimation; which had rarely been seen in C4 leaves (Long and Spence, 2013; 
Sage and McKown, 2006). Net photosynthetic CO2 uptake (Asat) in C4 leaves correlates with 
Rubisco content (Pearcy, 1977) and activity (Friesen and Sage, 2016; Kubien and Sage, 2004; 
Pittermann and Sage, 2000) at low, but not high, temperatures. Rubisco control over 
photosynthetic CO2 assimilation at low temperature was particularly evident in transgenic 
Flaveria bidentis L. Kuntze plants with reduced levels of leaf Rubisco (Kubien et al., 2003). Is 
restriction by Rubisco at low temperature seen in all C4 plants, and is it imposed by the space 
available to house Rubisco? 
The chilling-tolerant M. x giganteus maintains photosynthetic capacity under chilling conditions 
by maintaining and increasing leaf levels of Rubisco and in particular PPDK (Long and Spence, 
2013; Naidu et al., 2003; Wang et al., 2008b). Accessions of M. sacchariflorus, one of the parent 
species of M. x giganteus, achieved some of the highest light-saturated rates of leaf CO2 uptake 
(Asat) recorded for any plants grown and measured at 15 °C (Glowacka et al., 2015), showing that 
this plant must accumulate sufficient Rubisco to support such high rates.  Of course, there is the 
possibility that these Miscanthus genotypes are exceptional in providing an unusually large 
bundle sheath plastid volume.   
Simultaneously, the upregulation of key photoprotective mechanisms reduces damage to PSII 
(Farage et al. 2007). This suggests low C4 photosynthetic rates in most species at low 
temperature, has multiple causes rather than one inherent limitation.  Indeed, comparative 
transcriptomics has suggested that chilling tolerance of photosynthesis in M. x giganteus 
corresponds to up-regulation of genes coding for several proteins of the photosynthetic apparatus 
(Spence et al., 2014). M. x giganteus maintains the linear relationship between operating 
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photochemical efficiency of photosystem II and the quantum efficiency of CO2 assimilation 
during chilling, suggesting the balance of C3 and C4 cycles is not compromised (Naidu and Long, 
2004). In total, these findings suggest Rubisco is not the sole limitation to C4 photosynthesis at 
chilling temperatures, and that any volume limitation imposed by restriction of the enzyme to the 
bundle sheath can be overcome (Long and Spence, 2013). 
In order to determine the extent to which C4 photosynthesis is restricted by space available for 
Rubisco investment, a measure of BS chloroplast volume is required. Several publications have 
documented chloroplast counts and 2D planar area, with less attention given to volume (Brown 
and Hattersley, 1989; Pyke and Leech, 1987; Stata et al., 2014).  Measurements of chloroplast 
volume in C3 plants have been derived by measuring chloroplast area from 2D images and 
extrapolating chloroplast volume, with critical assumptions of uniform chloroplast shape (Pyke 
and Leech, 1987). In C4 bundle-sheath cells, chloroplasts are often appressed, leading to some 
distortion of their shape, which in turn limits capacity to utilize these approaches with accuracy. 
With confocal laser scanning microscopy it is possible to avoid these assumptions by measuring 
chloroplast volume directly from 3D images (Park et al., 2009). 
In order to test the hypothesis that the BS chloroplast volume restricts capacity for Rubisco to the 
extent that it would limit photosynthesis, chloroplast volume and associated leaf anatomical 
characteristics were measured in four C4 species, and the amount and activity of Rubisco that 
could be supported on a leaf area basis calculated.  Since M. x giganteus appears to escape the 
low temperature limitation observed in most C4 species, its BS chloroplast volumes were 
compared to two chilling intolerant species of the same tribe  (Z. mays, S.  officinarum), and with 
the unrelated, chilling intolerant  C4 species (Alloteropsis semialata J. Presl).  
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Materials and methods 
Plant material 
Measurements were taken on Z. mays cv. FR1064, S. officinarum hybrid complex cultivar cv. 
CP88-1762, A. semialata, and M. x giganteus. M. x giganteus was grown in the field and other 
species grown in a controlled environment greenhouse, maintained at 25 °C to 30 °C with high 
pressure sodium lamps ensuring an average photon flux of 450 μmol m-2 s-1 and a 12 hour day 
length.  
M. x giganteus was grown on the farm of the University of Illinois Agricultural Research Station 
near Champaign, IL, USA (40°02’N, 5 88°14’W, 228m above sea level).  Soils at this site are 
deep Drummer/Flanagan series (a fine silty, mixed, mesic Typic Endoaquoll) with high organic 
matter typical of the central Illinois Corn Belt.  As in previous studies, the “Illinois” clone of M. 
x giganteus was used, and was unfertilized; the youngest fully expanded leaf, as judged by ligule 
emergence, was sampled for measurement in July (Arundale et al., 2014a; Arundale et al., 
2014b; Dohleman et al., 2012).  
A. semialata and Z. mays seeds were germinated and then transferred to pots of  soilless 
cultivation medium (LC1 Sunshine mix, Sun Gro Horticulture, Agawam, MA, USA), with 
additional coarse sand and perlite mixed into pots for A. semialata.  Single stem segments of S. 
officinarum were planted directly into pots of a second soilless cultivation medium (Metromix 
900: SunGro Horticulture, Agawam MA). All pots were watered daily to field capacity.  Z. mays 
was initially fertilized with granulated fertilizer (Osmocote Plus 15/9/12, The Scotts Company 
LLC, Marysville, OH, USA) followed by general nutrient solution (Peter’s Excel 15-5-15, 
Everris NA Inc, Dublin OH, USA) and iron chelate supplement (Sprint 330, BASF Corp. NC, 
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USA) added to the watering regime once every week. A. semialata and S. officinarum were 
fertilized with granulated fertilizer (Osmocote Classic 13/13/13, The Scotts Company LLC, 
Marysville, OH, USA), and A. semialata supplemented with iron chelate (Sprint 330, BASF 
Corp.). Plants were grown until at least the fifth leaf was fully expanded, as judged by ligule 
emergence, and the youngest fully expanded leaf was sampled. 
Sample preparation and measurement 
Leaves were removed from plants and immediately immersed in a glycol and resin based 
cryostat embedding medium (Tissue-Tek O.C.T. Compound, Sakura Finetek, Torrance, CA, 
USA), which then provided a solid sectioning support when the sample tray was placed on dry 
ice. 40 µm transversal sections were cut and mounted on a glass slide, then immersed for 15 
minutes in a solution of a cell membrane and wall dye (FM 1-43FX, Thermofisher Scientific, 
Waltham, MA, USA), diluted to 3.6 mM in DMSO (Thermofisher Scientific, Waltham, MA, 
USA) and water, in order to image cell walls. Samples were imaged with a confocal laser 
scanning microscope (LSM 700, Carl Zeiss AG, Oberkochen, Germany). Images were acquired 
through a 63x oil-immersion objective (63x Plan-Apochromat, Carl Zeiss AG) for M. x 
giganteus. In later measurements, it was determined that reduced magnification could be used to 
widen the field of view while still providing accurate estimates of chloroplast volume; therefore 
a 40x oil-immersion objective (40x Plan-Apochromat, Carl Zeiss AG) was used for Z. mays, S. 
officinarum, and A. semialata. The fluorescence of dye-labelled cell walls was analyzed by 
excitation at 555 nm, and emission was detected at a bandpass of 405-630 nm. Chlorophyll was 
excited at 633 nm, and its fluorescence emission was detected at a bandpass of 630-700 nm. 
Serial optical sections were obtained at 1-µm depth intervals, i.e. in the z-axis (Zen software, 
Carl Zeiss AG).  
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Quantitative image analysis was performed in IMARIS (IMARIS 7.0.0 software, BitPlane, inc., 
Zürich, Switzerland): BS and M compartments were hand-delineated based on the fluorescence 
of the dye-labelled cell walls (Fig. B.1). IMARIS software then separately analyzed the 
chlorophyll fluorescence signal within the BS and M, in order to determine total chloroplast 
volume within each compartment. Leaf thickness was measured at the center of the leaf section 
in each image, and inter-veinal distance (IVD) was measured as the average distance between the 
centers of adjacent vascular bundles. 
Calculating photosynthetic capacity 
Published measurements of Rubisco and chloroplast properties were used to estimate leaf 
maximal photosynthetic capacity (Amax, chl) based on BS chloroplast volume per unit leaf area 
measured here (volBS, chl). Published values of carboxylation rate per mol Rubisco carboxylation 
site at 25 °C (kcat) are virtually identical in Z. mays and M. x giganteus, therefore a value of 3.3 
mol CO2 mol sites-1 s-1 for Z. mays was used (Wang et al., 2008a). A Rubisco activation state at 
25 °C of 85%, and Rubisco molecular weight of 540 kDA, were obtained for M. x giganteus 
(Wang et al., 2008a). This gives an estimated carboxylation rate of 41.6 µmol CO2 g-1 Rubisco s-
1 at 25 °C. Rubisco content per unit chloroplast volume was assumed to be 2.2 x 105 g Rubisco 
m-3 chloroplast based on  measurements for M chloroplasts of several genotypes of the hexaploid 
bread wheat Triticum aestivum L. (Pyke and Leech, 1987). Combining the carboxylation rate per 
gram Rubisco, with the grams of Rubisco per unit volume of chloroplast, leads to a theoretical 
maximal photosynthetic rate of 9.2 mol CO2 m-3 s-1 chloroplast at 25 °C.  
In order to extend this estimation to temperatures below 25 °C, an Arrhenius function for 
temperature variation of maximal Rubisco carboxylation rate in the C4 grass Setaria viridis (L.) 
P.Beauv. was used, with an activation energy parameter (Ea) of 78 kJ mol-1 (Boyd et al., 2015). 
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To compare this estimation to achieved photosynthesis values, the literature (Table B.1) was 
reviewed to identify values for light saturated net leaf CO2 uptake (Asat) at moderate and chilling 
temperatures  in all four species: Z. mays (Glowacka et al., 2016; Long, 1983; Naidu and Long, 
2004; Naidu et al., 2003), S. officinarum (Glowacka et al., 2016; Spitz, 2015), A. semialata 
(Osborne et al., 2008), and M. x giganteus (Friesen and Sage, 2016; Glowacka et al., 2014; 
Glowacka et al., 2016; Glowacka et al., 2015; Naidu and Long, 2004; Naidu et al., 2003; Spitz, 
2015), with values measured at different temperatures and at a photon flux ≥ 1000 μmol m-2 s-1. 
Statistical analysis 
Statistical analysis was performed on the following parameters: leaf thickness, IVD, volBS, volM, 
volBS, chl, volM, chl, %BS, chl, and %M, chl. The fixed effect of species on each parameter was tested by 
one-way ANOVA (PROC GLM, SAS v8.02; SAS Institute Inc., Cary, NC, USA), with 
homogeneity of variances tested by Levene and normality of residuals tested by Shapiro-Wilke 
(PROC UNIVARIATE, SAS v8.02; SAS Institute, Cary, NC, USA) at p=0.05 threshold. A 
Tukey test was performed alongside the ANOVA at p=0.05 threshold in order to identify 
pairwise differences between species. Replication was n= 7, 5, 6, and 6 plants for Z. mays, S. 
officinarum, A. semialata, and M. x giganteus, respectively. Graphical displays were made with 
SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, USA). 
Results 
Average values of chloroplast volume available per unit leaf area ranged from 6-10 x 10-6 m3 m-2 
for BS chloroplasts and 10-14 x 10-6 m3 m-2 for M chloroplasts (Fig. 2.1, Fig. 2.2, Fig. 2.3 e, f). 
There was no evidence of increased BS chloroplast volume available per unit leaf area (volBS, chl) 
in the chilling-tolerant M. x giganteus, which on the contrary had the smallest BS chloroplast 
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volume per unit leaf area, at ca. 40% less than the wild and chilling-sensitive A. semialata. 
Although A. semialata tended to have the lowest volBS, significantly greater occupancy of the BS 
by chloroplasts (%BS, chl) resulted in generally greater volBS, chl overall (Fig. 2.3 c, e, g).  
Chloroplasts occupied 15-30% of the BS (%BS, chl), and 8-14% of the M (%M, chl) (Fig. 2.1, Fig. 
2.3 g, h). %BS, chl and %M, chl were significantly greatest and lowest, respectively, in A. semialata. 
Leaf thickness ranged from 100-250 µm, with veins spaced 100-140 µm apart on average (Fig. 
2.1, Fig. 2.3 a, b). A. semialata leaves were nearly twice as thick as those of M. x giganteus. 
Spacing of veins (IVD) in the two crops (Z. mays and Saccharum) was ca. 40% greater than in 
the two wild species (M. x giganteus and A. semialata). Species' M volume per unit leaf area 
(volM) generally mirrored leaf thickness, though due to a large epidermis the significantly greater 
leaf thickness of A. semialata did not result in a substantially greater volM (Fig. 2.3 d). BS 
volume per unit leaf area (volBS), however, was conserved across species at ca. 40 m3 m-2 x 10-6 
(Fig. 2.3 c). 
When leaf maximal photosynthetic capacity (Amax, chl) was estimated from volBS, chl, values ranged 
from ca. 60-90 µmol m-2 s-1 at 25 °C. This was substantially greater than published values of 
light saturated net photosynthetic CO2 uptake (Asat) for these species at this temperature (Fig. 2.4, 
Table BI). At lower temperature, Asat was closer to Amax, chl, though even at 5 °C Asat was 20-90% 
of Amax, chl. Of all the publications examined, the majority documented values of Asat lower than 
our estimates of Amax, chl (Friesen and Sage, 2016; Glowacka et al., 2014; Glowacka et al., 2016; 
Glowacka et al., 2015; Long, 1983; Naidu and Long, 2004; Naidu et al., 2003; Osborne et al., 
2008; Spitz, 2015). Results therefore indicate that BS volume capacity for Rubisco would not 




Our results suggest that across two independent evolutionary clades of C4 grasses, the volume of 
BS per unit leaf available for Rubisco (volBS) would not be a limitation for observed rates of 
photosynthesis. Further there was no correspondence of photosynthetic capacity at low 
temperature with BS plastid volume (volBS, chl).  M. x giganteus, which shows similar or higher 
Asat to C3 species at chilling temperatures, had a smaller BS plastid volume per unit leaf area than 
its close chilling-sensitive C4 relatives S. officinarum and Z. mays (Long and Spence, 2013).   
The volume of chloroplast available per unit leaf area depends on several leaf structural 
characteristics, such as leaf thickness, inter-veinal distance (IVD) or the volume of BS and M 
compartments per unit leaf area (volBS and volM, respectively). While these characteristics, when 
taken individually, varied significantly between species, the total volume of BS and M 
chloroplast per unit leaf area (volBS, chl and volM, chl, respectively), did not. The species that tended 
to have the greatest and lowest volBS, chl were the chilling-sensitive A. semialata and the chilling-
tolerant M. x giganteus, respectively. As noted above, this suggests that volBS, chl does not 
determine chilling tolerance in C4 plants, and therefore the volume of BS chloroplast available 
for leaf Rubisco investment is unlikely to meaningfully restrict C4 photosynthesis at low 
temperature. 
The proportion of cells occupied by chloroplasts varies significantly between photosynthetic 
types and taxonomic clades in leaf M tissues of diverse C4 plants, with an average occupation of 
ca. 12.2% (Stata et al., 2014). This is in agreement with our results: A. semialata, which belongs 
to the Paniceae tribe, had the greatest and lowest concentration of chloroplast in the BS (%BS, chl) 
and M (%M, chl), respectively (Fig. 2.3 g, h). A. semialata leaves show high levels of PEP-CK 
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activity in the BS, which provide additional NADPH for the Calvin cycle, and are associated 
with larger grana in the BS chloroplasts (Voznesenskaya et al., 2006; Voznesenskaya et al., 
2007). In contrast, M. x giganteus, Z. mays and S. officinarum primarily use M-localized NADP-
ME enzyme to provide NADPH to the BS; this will require more space in the M chloroplasts. 
Thus it would be expected that leaves with greater PEP-CK activity invest a relatively greater 
proportion of total chloroplast in the BS when compared to NADP-ME subtype leaves. This is 
consistent with A. semialata having a significantly greater %BS, chl, and significantly lower %M, chl 
than the three NADP-ME species (Fig. 2.3 g, h).  
While in C3 plants, the entire M is available for Rubisco investment, there is clearly less space in 
the BS in C4 leaves. However, in the C3 M CO2 must diffuse from the air space to Rubisco in the 
plastid, and plastids must be adjacent to the cell wall to maximize mesophyll conductance to CO2 
and facilitate Rubisco access to CO2 (Evans and Loreto, 2000; Flexas et al., 2008). In the C4 
bundle sheath, CO2 results from decarboxylation of dicarboxylates in the plastid or cytosol, 
therefore effective plastid volume will not be limited by the area of wall adjacent to air space.  
This likely explains why BS plastid position in C4 plants can be centripetal or centrifugal 
(Edwards and Voznesenskya, 2011; Evans and Loreto, 2000). In effect this can allow larger and 
more numerous plastids, and may explain the larger proportion of the BS cell that is occupied by 
plastids, relative to M (Fig. 2.3 g, h).  
One key uncertainty in this study is the amount of Rubisco contained per unit volume of BS 
chloroplast. While we used a single value for all species, Rubisco content per unit chloroplast 
volume has been shown to increase as a result of breeding (Pyke and Leech, 1987). It is therefore 
possible that the two crop species Z. mays and S. officinarum benefited from increased stromal 
concentration of Rubisco in BS chloroplasts. C4 plants generally produce larger chloroplasts than 
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C3, particularly in the BS (Brown and Hattersley, 1989; Stata et al., 2014). Larger chloroplasts 
have a lower surface to volume ratio, and may be able to contain more Rubisco per unit 
chloroplast volume. C4 chloroplast ultrastructure, and in particular thylakoid membrane 
development, can be modulated in response to environmental conditions such as incident light 
flux (Pearcy and Franceschi, 1986). In addition, NADP-ME-subtype C4 plants such as Z. mays, 
S. officinarum and M. x giganteus typically show reduced levels of stacked thylakoids in BS 
chloroplasts relative to NAD-ME and PEP-CK subtypes, because the C4 cycle regenerates BS 
NADPH and so reduces PSII requirement within these cells (Bellasio and Griffiths, 2014; 
Furbank, 2011; Voznesenskaya et al., 2006; Voznesenskaya et al., 2007). Therefore the 
proportion of chloroplast occupied by thylakoids in C4 BS cells may be lower than the 30% seen 
in C3 chloroplasts (Pyke and Leech, 1987), leaving more stromal volume available for Rubisco 
investment. As a result, it is likely that Rubisco content per unit volume chloroplast is greater in 
C4 BS chloroplasts than in C3 M chloroplasts.  
We used the Rubisco content per unit volume chloroplast in T. aestivum M chloroplasts as a 
conservative estimate to calculate photosynthetic capacity (Pyke and Leech, 1987). Even so, the 
photosynthetic capacity that could theoretically be achieved given BS chloroplast levels (Amax, chl) 
almost always exceeded published light-saturated photosynthetic rates (Asat) for these species 
(Fig. 2.4) (Friesen and Sage, 2016; Glowacka et al., 2014; Glowacka et al., 2016; Glowacka et 
al., 2015; Long, 1983; Naidu and Long, 2004; Naidu et al., 2003; Osborne et al., 2008; Spitz, 
2015). This was even true at low temperatures, where Rubisco is predicted to significantly limit 
C4 photosynthesis. This suggests the existing volume of BS chloroplast was theoretically 
sufficient to enable greater than observed photosynthetic rates in all four species. Additionally, 
the significantly greater %BS, chl of A. semialata indicates that C4 photosynthesis can function 
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with higher levels of BS chloroplast than is seen in other, more productive plants such as M. x 
giganteus. Therefore, we conclude that leaf Rubisco content itself is not meaningfully restricted 
by the volume of BS chloroplast available for Rubisco investment. 
C4 photosynthesis at low temperature has been suggested in correlative studies to be largely 
Rubisco-limited, suggesting there could be significant benefits to increasing Rubisco content in 
C4 leaves upon chilling (Kubien and Sage, 2004; Kubien et al., 2003; Pearcy, 1977; Pittermann 
and Sage, 2000). Our results show that the diminished cell space that can hold Rubisco in C4 
leaves cannot explain the commonly, but not universally, observed lower photosynthetic rates in 
C4 plants.  Although Rubisco content does not appear to increase in most C4 plants at chilling 
temperatures (Sage and McKown, 2006; Wang et al., 2008b), it does increase in chilling tolerant 
M. x giganteus, though not to the extent of PPDK, which may co-limit CO2 assimilation (Long 
and Spence, 2013) 
In conclusion, while the volume of the cells that can hold Rubisco in C4 grass leaves is lower 
than in C3, measurement of bundle sheath chloroplast volume shows that space per se cannot 
present a physical, and in turn intrinsic, limitation on photosynthesis at chilling temperatures.  
This is consistent with the observations that there are C4 genotypes, such as Spartina anglica and 
Miscanthus sacchariflorus that can achieve rates of CO2 assimilation at chilling temperatures 
that equal or exceed rates achieved by temperate and even arctic/alpine C3 grasses (Glowacka et 





Figure 2.1: Individual 2D images of representative leaf cross-sections. Cell walls labeled with FM 1-43FX are shown in green. Chlorophyll 







b) Saccharum officinarum a) Alloteropsis semialata 
d) Miscanthus x giganteus c) Zea mays 
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Figure 2.2: 3D image of a representative leaf cross-section of Zea mays. Cell walls labeled with FM 1-43FX are shown in green. Chlorophyll 
fluorescence is shown in red. 3D volume reconstruction of the bundle-sheath and mesophyll compartments are shown in blue in panels a) and b), 








Figure 2.3: Means and standard errors for: a) leaf thickness, b) inter-veinal distance (IVD), c) bundle-sheath volume per leaf area (volBS), d) 
mesophyll volume per leaf area (volM), e) bundle-sheath chloroplast volume per leaf area (volBS, chl), f) mesophyll chloroplast volume per leaf area 
(volM, chl), g) occupancy of the bundle-sheath by chloroplasts (%BS, chl), and h) occupancy of the mesophyll by chloroplasts (%M, chl). Letters show 
Tukey groups, with significant difference threshold at p=0.05. Replication was n= 7, 5, 6, and 6 plants for Z. Mays, S. officinarum, A. semialata, 















































































































































































Figure 2.4: a) Published measurements of net photosynthetic rate (Asat) at different temperatures (symbols) compared with estimated leaf maximal 
photosynthetic capacity (Amax, chl) calculated from bundle-sheath chloroplast volume per unit leaf area (lines). b) Measurements of Asat expressed 
as a percentage of Amax, chl. Measurements were obtained for: Z. Mays (Glowacka et al., 2016; Long, 1983; Naidu and Long, 2004; Naidu et al., 
2003), S. officinarum (Glowacka et al., 2016; Spitz, 2015), A. semialata (Osborne et al., 2008), and M. x giganteus (Friesen and Sage, 2016; 
Glowacka et al., 2014; Glowacka et al., 2016; Glowacka et al., 2015; Naidu and Long, 2004; Naidu et al., 2003; Spitz, 2015), with values 

































































Arundale RA, Dohleman FG, Heaton EA, McGrath JM, Voigt TB, Long SP. 2014a. Yields of Miscanthus x 
giganteus and Panicum virgatum decline with stand age in the Midwestern USA. Global Change Biology 
Bioenergy 6, 1-13. 
Arundale RA, Dohleman FG, Voigt TB, Long SP. 2014b. Nitrogen fertilization does significantly increase 
yields of stands of Miscanthus x giganteus and Panicum virgatum in multiyear trials in Illinois. Bioenergy 
Research 7, 408-416. 
Bellasio C, Griffiths H. 2014. Acclimation of C4 metabolism to low light in mature maize leaves could 
limit energetic losses during progressive shading in a crop canopy. Journal of Experimental Botany 65, 
3725-3736. 
Boyd RA, Gandin A, Cousins AB. 2015. Temperature Responses of C4 Photosynthesis: Biochemical 
Analysis of Rubisco, Phosphoenolpyruvate Carboxylase, and Carbonic Anhydrase in Setaria viridis. Plant 
Physiology 169, 1850-1861. 
Brown RH, Hattersley PW. 1989. Leaf anatomy of C3-C4 species as related to evolution of C4 
photosynthesis. Plant Physiology 91, 1543-1550. 
Dengler NG, Dengler RE, Donnelly PM, Hattersley PW. 1994. Quantitative leaf anatomy of C3 and 
C4 grasses (Poaceae)-bundle-sheath and mesophyll surface-area relationships. Annals of Botany 73, 241-
255. 
Dengler NG, Nelson T. 1999. Leaf Structure and Development in C4 Plants. In: Sage RF, Monson RK, eds. 
C4 Plant Biology. San Diego, CA, USA: Academic Press, 133-172. 
Dohleman FG, Heaton EA, Arundale RA, Long SP. 2012. Seasonal dynamics of above- and below-ground 
biomass and nitrogen partitioning in Miscanthus x giganteus and Panicum virgatum across three 
growing seasons. Global Change Biology Bioenergy 4, 534-544. 
Dohleman FG, Long SP. 2009. More productive than maize in the Midwest: how does Miscanthus do it? 
Plant Physiology 150, 2104-2115. 
Edwards GE, Voznesenskya EV. 2011. C4 photosynthesis: Kranz forms and single-cell C4   in terrestrial 
plants. In: Raghavendra AS, Sage RF, eds. C4 photosynthesis and related CO2 concentrating 
mechanisms.  Advances in Photosynthesis Research. Dordrecht, the Netherlands: Kluwer, 29-61. 
Evans JR, Loreto F. 2000. Acquisition and diffusion of CO2 in higher plant leaves. In: Leegood RC, Sharkey 
TD, Von Caemmerer S, eds. Photosynthesis: Physiology and Metabolism. Dordrecht, The Netherlands: 
Kluwer, 321-351. 
Flexas J, Ribas-Carbo M, Diaz-Espejo A, Galmes J, Medrano H. 2008. Mesophyll conductance to CO2: 
current knowledge and future prospects. Plant Cell and Environment 31, 602-621. 
Friesen PC, Sage RF. 2016. Photosynthetic responses to chilling in a chilling-tolerant and chilling-
sensitive Miscanthus hybrid. Plant Cell and Environment 39, 1420-1431. 
Furbank RT. 2011. Evolution of the C4 photosynthetic mechanism: are there really three C4 acid 
decarboxylation types? Journal of Experimental Botany 62, 3103-3108. 
Glowacka K, Adhikari S, Peng JH, Gifford J, Juvik JA, Long SP, Sacks EJ. 2014. Variation in chilling 
tolerance for photosynthesis and leaf extension growth among genotypes related to the C4 grass 
Miscanthus x giganteus. Journal of Experimental Botany 65, 5267-5278. 
Glowacka K, Ahmed A, Sharma S, Abbott T, Comstock JC, Long SP, Sacks EJ. 2016. Can chilling tolerance 
of C4 photosynthesis in Miscanthus be transferred to sugarcane? Global Change Biology Bioenergy 8, 
407-418. 
Glowacka K, Jorgensen U, Kjeldsen JB, Korup K, Spitz I, Sacks EJ, Long SP. 2015. Can the exceptional 
chilling tolerance of C4 photosynthesis found in Miscanthus x giganteus be exceeded? Screening of a 
novel Miscanthus Japanese germplasm collection. Annals of Botany 115, 981-990. 
47 
 
Hatch MD. 1987. C4 photosynthesis - a unique blend of modified biochemistry, anatomy and 
ultrastructure. Biochimica Et Biophysica Acta 895, 81-106. 
Heaton EA, Dohleman FG, Miguez AF, Juvik JA, Lozovaya V, Widholm J, Zabotina OA, McIsaac GF, 
David MB, Voigt TB, Boersma NN, Long SP. 2010. Miscanthus: a promising biomass crop. In: Kader JC, 
Delseny M, eds. Advances in Botanical Research, Vol 56, Vol. 56. London: Academic Press Ltd-Elsevier 
Science Ltd, 75-137. 
Kim J-s, Kug J-s, Jeong S-j, Huntzinger DN, Michalak AM, Schwalm CR, Wei Y, Schaefer K. 2017. 
Reduced North American terrestrial primary productivity linked to anomalous Arctic warming. Nature 
Geoscience, 1-6. 
Kubien DS, Sage RF. 2004. Low-temperature photosynthetic performance of a C4 grass and a co-
occurring C3 grass native to high latitudes. Plant Cell and Environment 27, 907-916. 
Kubien DS, von Cammerer S, Furbank RT, Sage RF. 2003. C4 photosynthesis at low temperature. A study 
using transgenic plants with reduced amounts of Rubisco. Plant Physiology 132, 1577-1585. 
Long SP. 1983. C4 photosynthesis at low temperatures. Plant Cell and Environment 6, 345-363. 
Long SP, Incoll LD, Woolhouse HW. 1975. C4 photosynthesis in plants from cool temperate regions, with 
particular reference to Spartina Townsendii. Nature 257, 622-624. 
Long SP, Spence AK. 2013. Toward Cool C4 Crops. Annual Review of Plant Biology, Vol 64 64, 701-722. 
Long SP, Zhu XG, Naidu SL, Ort DR. 2006. Can improvement in photosynthesis increase crop yields? 
Plant Cell and Environment 29, 315-330. 
Naidu SL, Long SP. 2004. Potential mechanisms of low-temperature tolerance of C4 photosynthesis in 
Miscanthus x giganteus: an in vivo analysis. Planta 220, 145-155. 
Naidu SL, Moose SP, Al-Shoaibi AK, Raines CA, Long SP. 2003. Cold tolerance of C4 photosynthesis in 
Miscanthus x giganteus: Adaptation in amounts and sequence of C4 photosynthetic enzymes. Plant 
Physiology 132, 1688-1697. 
Osborne CP, Wythe EJ, Ibrahim DG, Gilbert ME, Ripley BS. 2008. Low temperature effects on leaf 
physiology and survivorship in the C3 and C4 subspecies of Alloteropsis semialata. Journal of 
Experimental Botany 59, 1743-1754. 
Park J, Knoblauch M, Okita T, Edwards G. 2009. Structural changes in the vacuole and cytoskeleton are 
key to development of the two cytoplasmic domains supporting single-cell C4 photosynthesis in 
Bienertia sinuspersici. Planta 229, 369-382. 
Pearcy RW. 1977. Acclimation of photosynthetic and respiratory carbon dioxide exchange to growth 
temperature in Atriplex Lentiformis (Torr.) Wats. Plant Physiology 59, 795-799. 
Pearcy RW, Franceschi VR. 1986. Photosynthetic characteristics and chloroplast ultrastructure of C3 and 
C4 tree species grown in high- and low-light environments. Photosynthesis Research 9, 317-331. 
Pittermann J, Sage RF. 2000. Photosynthetic performance at low temperature of Bouteloua gracilis Lag., 
a high-altitude C4 grass from the Rocky Mountains, USA. Plant Cell and Environment 23, 811-823. 
Pyke KA, Leech RM. 1987. Cellular levels of Ribulose 1,5 Bisphosphate carboxylase and chloroplast 
compartment size in wheat mesophyll cells. Journal of Experimental Botany 38, 1949-1956. 
Raines CA. 2011. Increasing Photosynthetic Carbon Assimilation in C3 Plants to Improve Crop Yield: 
Current and Future Strategies. Plant Physiology 155, 36-42. 
Sage RF. 2002. Variation in the kcat of Rubisco in C3 and C4 plants and some implications for 
photosynthetic performance at high and low temperature. Journal of Experimental Botany 53, 609-620. 
Sage RF, McKown AD. 2006. Is C4 photosynthesis less phenotypically plastic than C3 photosynthesis? 
Journal of Experimental Botany 57, 303-317. 
Spence AK, Boddu J, Wang DF, James B, Swaminathan K, Moose SP, Long SP. 2014. Transcriptional 
responses indicate maintenance of photosynthetic proteins as key to the exceptional chilling tolerance 
of C4 photosynthesis in Miscanthus x giganteus. Journal of Experimental Botany 65, 3737-3747. 
48 
 
Spitz I. 2015. Improving C4   photosynthetic chilling tolerance in bioenergy crops: the search for elite 
breeding materials., University of Illinois at Urbana-Champaign. 
Stata M, Sage TL, Rennie TD, Khoshravesh R, Sultmanis S, Khaikin Y, Ludwig M, Sage RF. 2014. 
Mesophyll cells of C4 plants have fewer chloroplasts than those of closely related C3 plants. Plant Cell 
and Environment 37, 2587-2600. 
von Caemmerer S, Furbank RT. 2003. The C4 pathway: an efficient CO2 pump. Photosynthesis Research 
77, 191-207. 
Voznesenskaya EV, Franceschi VR, Chuong SDX, Edwards GE. 2006. Functional characterization of 
phosphoenolpyruvate carboxykinase-type C4 leaf anatomy: Immuno-, cytochemical and ultrastructural 
analyses. Annals of Botany 98, 77-91. 
Voznesenskaya EV, Koteyeva NK, Chuong SDX, Ivanova AN, Barroca J, Craven LA, Edwards GE. 2007. 
Physiological, anatomical and biochemical characterisation of photosynthetic types in genus Cleome 
(Cleomaceae). Functional Plant Biology 34, 247-267. 
Wang D, Naidu SL, Portis AR, Jr., Moose SP, Long SP. 2008a. Can the cold tolerance of C4 photosynthesis 
in Miscanthus x giganteus relative to Zea mays be explained by differences in activities and thermal 
properties of Rubisco? Journal of Experimental Botany 59, 1779-1787. 
Wang DF, Portis AR, Moose SP, Long SP. 2008b. Cool C4 photosynthesis: Pyruvate Pi dikinase expression 
and activity corresponds to the exceptional cold tolerance of carbon assimilation in Miscanthus x 
giganteus. Plant Physiology 148, 557-567. 
Yin XY, Struik PC. 2017. Can increased leaf photosynthesis be converted into higher crop mass 
production? A simulation study for rice using the crop model GECROS. Journal of Experimental Botany 
68, 2345-2360. 
Zhu XG, de Sturler E, Long SP. 2007. Optimizing the distribution of resources between enzymes of 
carbon metabolism can dramatically increase photosynthetic rate: A numerical simulation using an 
evolutionary algorithm. Plant Physiology 145, 513-526. 
Zhu XG, Long SP, Ort DR. 2010. Improving photosynthetic efficiency for greater yield. Annual Review of 





Chapter 3: Siberian Miscanthus sacchariflorus accessions surpass the exceptional chilling 
tolerance of the most widely cultivated clone of Miscanthus x giganteus  
Abstract 
Coincidence of chilling (0 – 15 °C) and high light inhibits photosynthesis in C4 crops. In 
contrast, the “Illinois” clone of the C4 grass Miscanthus x giganteus Greef et Deuter ex 
Hodkinson & Renvoize remains productive in chilling temperatures. This clone is a hybrid 
between Miscanthus sacchariflorus (Maxim.) Hack. and Miscanthus sinensis Andersson.; 
therefore chilling-tolerant parent lines could be used to produce superior M. x giganteus clones.  
Recently a large collection from Siberia, the northern limit of occurrence, has become available.  
This population may be an important genetic resource for chilling tolerance, and so was screened 
for chilling tolerance by measuring dark-adapted maximum quantum yield of PSII 
photochemistry (Fv/Fm) on plants in the field in cool weather. Highly chilling tolerant M. 
sacchariflorus accessions were selected from this screen, grown at 25 °C, transferred to 10 °C 
for 15 days, and then returned to 25 °C for a further 7 days. Two experiments assessed light-
saturated net photosynthetic rate (Asat) and the operating quantum yield of PSII photochemistry 
(ΦPSII), and the responses of net leaf CO2 uptake (A) to intercellular [CO2] (ci), respectively. 
Three M. sacchariflorus accessions showed valuable traits for chilling tolerance: RU2012-069 
and RU2012-114 achieved Asat significantly greater (p<0.05) and up to double that of M. x 
giganteus prior to and during chilling. These accessions also maintained greater levels of ΦPSII, 
possibly an indication of reduced photodamage. Whereas photosynthetic parameters declined 
steadily throughout the 15-day chilling period in most accessions, in accession RU2012-112 they 
remained stable, suggesting this accession could outperform others in even lengthier cool spells. 
In vivo analysis of limitations suggested that improved Asat was primarily due to increased 
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capacity for regeneration of phospho-enol pyruvate (PEP) under chilling conditions. M. x 
giganteus showed the strongest recovery after 1 week at 25 °C, but the weakest recovery after 1-
day recovery.  
Introduction 
The C4 grass Miscanthus x giganteus Greef et Deuter ex Hodkinson & Renvoize is exceptionally 
productive in the US Midwest, yielding 59% greater biomass than Zea mays L.  This is explained 
by its ability to develop and maintain leaves that are photosynthetically competent under the 
chilling conditions of early Spring and Fall, in contrast to Z. mays.  The 59% increase could be 
entirely accounted for by the longer growing season that its chilling tolerance allows (Dohleman 
&  Long, 2009). In S. England where low temperatures prevent production of a Z. mays crop in 
most years, M. x giganteus produced a peak dry biomass yield of 30 t ha-1, a record productivity 
for the UK (Beale &  Long, 1995). This correlated with a lack of the chilling damage to 
photosynthesis observed in Z. mays (Beale et al., 1996).  
Superior chilling tolerance and resulting high yields compared to other candidate bioenergy 
grasses has garnered strong interest in developing M. x giganteus as a feedstock for cellulosic 
bioenergy production (Clifton-Brown et al., 2008, Heaton et al., 2010). A recent meta-analysis 
of over 1000 published yields, showed that across temperature, fertility and water availability 
gradients, average yields of M. x giganteus were more than double those of switchgrass under the 
same conditions (LeBauer et al., 2017). Unlike switchgrass, yields of M. x giganteus are largely 
for the single unimproved 'Illinois' clone (Glowacka et al., 2015a, Long &  Spence, 2013).  This 
raises the question of whether with breeding even more productive hybrid forms of M. x 
giganteus could be developed.  
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M. x giganteus is a sterile, triploid hybrid between the tetraploid Miscanthus sacchariflorus 
(Maxim.) Hack. and the diploid Miscanthus sinensis Andersson (Clifton-Brown et al., 2008). 
Miscanthus is a highly diverse species; substantial evidence has accrued over recent years that 
highly chilling tolerant parental germplasm of M. x giganteus exists, and could be used to 
enhance crop productivity (Clifton-Brown et al., 2008, Clifton-Brown &  Lewandowski, 2002, 
Glowacka et al., 2015a, Kaiser et al., 2015).  
It was predicted that productivity of M. x giganteus could be improved by up to 25% with the 
greater chilling tolerance seen in a M. sinensis hybrid (Farrell et al., 2006). A study of various 
Miscanthus accessions originating from the continental US or southern Japan, found that when 
abruptly exposed to an 11-day 10 °C chilling treatment, some M. sacchariflorus accessions could 
match the photosynthetic rate of M. x giganteus 'Illinois' (Glowacka et al., 2014). A similar study 
of Miscanthus found two M. sacchariflorus accessions from Japan capable of surviving night-
time frost and achieving light-limited and light-saturated photosynthetic rates >40% greater  than 
M. x giganteus grown at 15 °C (Glowacka et al., 2015b). However most of these plants 
originated from temperate regions such as the continental US and southern Japan. Even the 
highly-studied 'Illinois' clone of M. x giganteus appears to originate from a cross of parental 
accessions from the temperate southern Japan (Clark et al., 2014, Glowacka et al., 2015a). This 
raises the question of whether higher latitude germplasm, from the coldest regions that support 
Miscanthus growth, could show greater still chilling tolerance. 
160 M. sacchariflorus and 14 M. sinensis accessions were recently collected across the eastern 
Russian Siberia; these represent the northern extreme of the native Miscanthus range and 
therefore are likely valuable candidates for selection of improved chilling tolerance (Clark et al., 
2016). This is the first study to report on the physiology of this collection. The germplasm was 
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first screened for chilling tolerance of photosynthesis by measuring dark-adapted maximum 
quantum yield of PSII photochemistry (Fv/Fm) on plants in the field in cool weather. Seven 
promising M. sacchariflorus accessions were then grown in controlled-environment experiments, 
where they were exposed to a 15-day chilling period followed by a week of recovery. 
Measurements included the operating light-saturated net rate of leaf CO2 uptake (Asat) and 
operating quantum yield of PSII photochemistry (ΦPSII), as well as the response of net 
photosynthetic rate (A) to intercellular [CO2] (ci), or A-ci curves. We tested the hypothesis that 
the selected M. sacchariflorus accessions surpass the photosynthetic rate of M. x giganteus 
'Illinois' during a 2-week chilling period and show superior recovery of photosynthetic 
parameters upon return to warm temperatures. 
Materials and methods 
Three separate experiments were conducted: measurements of dark-adapted maximum quantum 
yield of PSII photochemistry (Fv/Fm) were used to screen for chilling tolerance in a field-grown 
population of 91 M. sacchariflorus accessions. Seven M. sacchariflorus accessions were chosen 
for further evaluation based on their field performance and availability of sufficient clonal 
material for further investigation: RU2012-114, RU2012-112, RU2012-069, RU2012-121, 
RU2012-073, RU2012-083, and RU2012-091. Two additional controlled-environment 
experiments were conducted: the first assessed operating light-saturated net rate of leaf CO2 
uptake (Asat) and operating quantum yield of PSII photochemistry (ΦPSII) of the seven Siberian 
M. sacchariflorus accessions during a 15-day chilling period. Accessions RU2012-114, RU2012-
112, and RU2012-069, which showed substantial potential for chilling tolerance, were grown 
again in a second experiment and measured with A-ci curves during a 15-day chilling period, 
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followed by a 7-day recovery to warm temperature. In all experiments M. x giganteus ‘Illinois’ 
was included as a positive chilling-tolerant control. 
Plant material and growing conditions 
Field measurements were taken on the Siberian Miscanthus collection of Aarhus University in 
Foulum, Denmark (56° 30’ N, 9° 35’ E), comprised of 160 accessions of M. sacchariflorus and 
14 accessions of M. sinensis. Detailed description of the origin of each M. sacchariflorus 
accession is given in (Clark et al., 2016). Soil at this site is a sandy loam (typic Fragiudalf; 
USDA soil taxonomy). Two clones of each accession were planted 150 cm apart in the summer 
of 2013, and M. x giganteus 'Illinois' was propagated from rhizome in a neighboring plot. Plants 
were rainfed and non-fertilized. Air temperature at a height of 20 and 150 cm were recorded 
every 10 minutes by a meteorological station located within the trial site. 
Seven M. sacchariflorus accessions were grown for controlled-environment experiments. In the 
first experiment, clonal divisions (n=4) of M. sacchariflorus accessions and M. x giganteus were 
grown from rhizomes in 1.6 L pots containing a peat/bark/perlite- based growing medium 
(Metro-Mix 900; Sun Gro Horticulture, Agawam, MA, USA). After cloning by rhizome 
propagation, a slow release fertilizer was added according to the manufacturer’s instructions 
(Osmocote Pro, 8–9 mo 19-5-8 Minors; Everris NA, Inc., Dublin, OH, USA). Plants were 
watered daily and grown for 53 days in a controlled-environment greenhouse at ~25° C, with 
high pressure sodium lamps ensuring a minimum Q of 300 μmol m-2 s-1 and a 14 hour day-
length. Plants were transferred from the greenhouse to two controlled-environment growth 
cabinets for 23 days before measurements began (Model PCG20, Conviron, Winnipeg, MB R3H 
0R9, Canada). The cabinets maintained a 14 h /10 h day/night cycle under 800 μmol photons m–2 
s-1, 25 °C daytime/20 °C nighttime temperature, and relative humidity of 75%. 
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A subset of 3 M. sacchariflorus accessions was grown in a second controlled environment 
experiment, and n=6 clonal divisions of each were planted alongside M. x giganteus. Growing 
conditions were similar to the first controlled environment experiment, but some aspects were 
changed to improve plant growth: plants were grown in 5.7 L pots containing a soil-free medium 
(LC1, Sungro Horticulture). Pots were fertilized twice; after cloning by rhizome propagation, 
and two days before the start of measurements with a slow release 17-5-11 fertilizer added 
according to the manufacturer’s instructions (Osmocote Pro, Everris NA, Inc.) and supplemented 
with iron (Dried ferrous sulphate heptahydrate, QC Corporation, Girardeau, MO, USA). Plants 
were grown for one month in a controlled-environment cabinet with no greenhouse-growing 
phase (Model PCG20, Conviron). The cabinet maintained conditions identical to those used for 
the first controlled-environment experiment. 
Gas exchange and chlorophyll fluorescence measurements 
Between June 19th and July 2nd, 2014, a 13-day chilling period occurred at the Foulum field site 
where average air temperatures did not exceed 15° C for eleven out of the thirteen days, with 
average day-time temperatures averages between 13.1-15.9° C. 92 of the panel's Siberian M. 
sacchariflorus accessions showed the least amount of chilling damage during this cool spell, 
based on visual evaluation of leaf chlorosis, and were chosen to screen for chilling tolerance.  
Measurements were taken from 11:30PM to 4:00AM on plants between June 28 and July 2 of 
2014. Fv/Fm was logged on a single leaf of at least two separate shoots for each of the 2 
plantings of 92 M. sacchariflorus in the field, along with M. x giganteus. The youngest fully 
expanded leaf, as indicated by ligule emergence, was placed in the cuvette of a portable open 
path gas-exchange system incorporating infra-red CO2 and water vapor analyzers (LI-COR 6400; 
LI-COR, Inc., Lincoln, NE USA) and using a combined gas-exchange and pulse-amplitude 
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fluorescence attachment (LI-COR 6400-40; LI-COR). Once chlorophyll fluorescence had 
stabilized (<30 s), Fv/Fm was recorded using a rectangular saturating flash protocol (Baker, 
2008). This method has been used previously as a rapid screen for chilling tolerance in field 
grown plants (Glowacka et al., 2015b). 
In controlled environment experiments, the youngest fully expanded leaf from each plant's 
primary tiller was selected for measurement. A first day of measurement was taken at 25 °C (day 
0), then cabinet temperature was reduced to 10 °C/5 °C day/night for 15 days (days 1-15). In the 
first controlled environment experiment, measurements were taken on days 0, 1, 2, 5, 6, 8, 10, 
12, and 15. In the second controlled environment experiment, the same protocol was used, and 
additionally on day 16 cabinets were returned to pre-chilling conditions for a week. 
Measurements in the second controlled environment experiment were taken on days 0, 1, 3, 5, 7, 
9, 11, 13, 15, 16, and 23. This experimental timeline has been used previously to mimic the type 
of chilling (0-12 °C) that might affect leaf emergence during spring or expanded leaves in the 
autumn (Allen &  Ort, 2001, Baker et al., 1989, Glowacka et al., 2014). Pictures of plants were 
taken with a camera (Canon PowerShot SX50 HS, Canon, Tokyo, Japan) before and after the 
first controlled environment experiment to show differences in visible damage sustained by 
plants during chilling. 
Leaves were measured with an open path gas-exchange system as in the field experiment (LI-
COR 6400; LI-COR, Inc.). In the first controlled environment experiment, the manufacturer's 
combined gas-exchange and fluorescence measurement attachment was used (LI-COR 6400-40; 
LI-COR); in the second experiment a larger chamber without fluorescence capability was used to 
improve measurement accuracy of small gas fluxes (LI-COR 6400-02B); LI-COR). Incident 
photon flux was set to 2000 μmol m-2 s-1, block temperature to either 25 or 10 °C on warm and 
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chilling days, respectively, [CO2] to 400 μmol mol-1 and leaf-to-air water vapor pressure deficit 
maintained at <2 kPa. Light was provided by the integrated red (635 nm wavelength) and blue 
(465 nm wavelength) light-emitting diodes (LED) such that 10% of the light was blue, and the 
remainder red. Leaves acclimated until the net rate of leaf CO2 uptake (A) reached a steady state, 
then measurements were initiated.  
In the first controlled environment experiment, gas-exchange data were recorded and A, gs, and ci 
calculated following (von Caemmerer &  Farquhar, 1981); followed by modulated fluorescence 
measurements to derive operating quantum yield of PSII photochemistry (ΦPSII) using a 
multiphase flash protocol (Loriaux et al., 2013). In the second controlled environment 
experiment, A-ci curves were measured by progressively decreasing [CO2] (400, 350, 300, 250, 
200, 150, 100, 60, and 0 μmol mol-1). Leaves were allowed to acclimate to each step reduction in 
[CO2] for 2-3 minutes, as assessed by a resumption of a steady-state A, then gas-exchange data 
were recorded. Because all measurements were taken under saturating photon flux (Q=2000 
μmol m-2 s-1) Asat was measured as A for points measured at [CO2] = 400 μmol m-2 s-1. 
A- ci curves were fit to a nonrectangular hyperbolic function as in (Leakey et al., 2006), and 
CO2-saturated rate of photosynthesis (Vmax) was estimated as the predicted value of each function 
for ci =2000 μmol mol-1. Vmax is limited by the maximum rate of PEP regeneration and leakage of 
CO2 from the bundle sheath, which can be affected by capacity for CO2 assimilation at Rubisco 
(Furbank et al., 1997, von Caemmerer, 2000). The response of A to ci at ci <100 μmol mol-1 was 
used to solve for maximum apparent rate of PEPc carboxylation (Vpmax) as the predicted value for 
ci=2000 μmol m-2 s-1 (von Caemmerer, 2000), with temperature-dependent estimates of the 
Michaelis-Menten constant of PEPc for [CO2] (Kp) based on the C4 Setaria viridis (Boyd et al., 
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2015). All curve fitting was performed using non-linear regression techniques (PROC NLIN, 
SAS v8.02; SAS Institute, Cary, NC, USA). 
Statistical analysis 
Separate analyses were performed to assess the effect of chilling on the photosynthetic 
parameters Asat, ΦPSII, Vmax, Vpmax, and gs, as well as their short and long-term recovery to 25 °C 
(Fig. C1). Data for the recovery to 25 °C were not recorded in the first controlled environment 
experiment and so were not available for ΦPSII. Data from days 0-15 were fit with an equation of 
the form  
𝑌𝑌 = 𝑎𝑎 + (𝑦𝑦0 − 𝑎𝑎) ∗ 𝑒𝑒(−λ∗𝑑𝑑𝑑𝑑𝑑𝑑) + 𝑏𝑏 ∗ 𝑑𝑑𝑎𝑎𝑦𝑦 
This describes an exponential decline during the transition from 25 °C to 10 °C, followed by an 
asymptote adjusted for linear decline or recovery during the chilling days 1-15. y0 is the 
parameter value prior to the chilling treatment. a is the lowest value reached during the chilling 
period. λ describes the rate of change from y0 to a. b describes the rate of linear increase (b>0) or 
decrease (b<0) of the asymptote in days 1-15 (Fig. C1). This was used to describe the response 
of the parameters Asat, ΦPSII, Vmax, Vpmax, and gs to time in the chilling treatment. All curve fitting 
used non-linear regression (PROC NLIN, SAS v8.02; SAS Institute, Cary, NC, USA).  
Data were analyzed by ANOVA (PROC GLM, SAS Institute Inc.) with a one-tailed Dunnett’s 
test used at threshold of α= 0.05 to determine whether any of the M. sacchariflorus accessions 
surpassed M. x giganteus values for Asat, ΦPSII, Vmax, Vpmax, and gs. This analysis was performed 
on the y0 and b parameters fit to each of these variables. This model was also used to test for 
differences in each variable on the following individual days: the pre-chilling day (day 0), the 
first (day 1) and last (day 15) day of chilling, and the first (day 16) and last (day 23) day of 
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recovery to 25 °C. A two-tailed Dunnett's test was used on day 23 to account for the possibility 
of M. x giganteus surpassing the M. sacchariflorus accessions. An additional two-tailed student's 
t-test was applied to the b fit parameter for each accession at threshold of α= 0.05 to determine 
whether b was different from 0 for a given photosynthetic variable. In order to assess 
photosynthetic traits throughout the chilling period, a repeated measures one-tailed ANOVA 
(PROC GLM, SAS Institute Inc.) was used to test whether each M. sacchariflorus accession 
surpassed M. x giganteus for Asat, ΦPSII, Vmax, Vpmax, and gs at threshold of α= 0.05.  
Measurements of Asat, and gs were obtained for M. x giganteus and 3 top-performing M. 
sacchariflorus accessions in both controlled environment experiments under comparable 
experimental conditions, therefore data from both experiments was pooled and a fixed block for 
experiment added whenever analyzing these variables. Graphical displays were made with 
SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, USA). 
Results  
Field screen of Fv/Fm 
Air temperature varied between 5-25 °C throughout June of 2014, and dipped at the end of the 
month as a cool spell set in (Fig. C2). Field measurements of Fv/Fm ranged from 0.62 to 0.74, 
and all but one of the M. sacchariflorus accessions achieved higher values of Fv/Fm than M. x 
giganteus. (Fig. C3). Based on these results and availability of plant material for growth in the 
US, seven accessions were selected for further analysis: accessions RU2012-114, RU2012-069, 
RU2012-073, RU2012-083, and RU2012-091 achieved the highest levels of Fv/Fm, whereas 
accession RU2012-121 was selected from the middle of the Fv/Fm distribution and accession 
RU2012-112 achieved the third-lowest level of Fv/Fm (Fig. C3). 
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Controlled environment screening of Asat 
In the first controlled environment experiment, the operating light-saturated net rate of leaf CO2 
uptake (Asat) was lowest in M. x giganteus relative to all other M. sacchariflorus accessions. This 
was seen both prior to chilling, as evidenced by parameter y0 fit to Asat, and during the 15-day 
chilling treatment, as evidenced by the mean value for Asat throughout days 1-15 (Fig. 3.1a, b). 
Generally, accessions RU2012-069 and RU2012-114 achieved the highest rates. However, 
RU2012-112, which seemed to have relatively low chilling tolerance based on field 
measurements of Fv/Fm, showed an interesting response to the controlled chilling treatment: 
whereas in all other accessions, Asat dropped immediately upon chilling and then continued to 
decline throughout the following 15 days, in RU2012-112 Asat initially dropped but then 
remained stable. This is apparent both graphically (Fig. 3.1a) and from values for parameter b fit 
to Asat (Fig. 3.1b), where values for b are clearly negative in all other Miscanthus accessions, yet 
close to 0 for RU2012-112. All plants were somewhat chlorotic at the end of the chilling period, 
though damage appeared less pronounced in accession RU2012-069 (Fig. C4). Therefore, 
accessions RU2012-069, RU2012-114, and RU2012-112 were grown again for the second 
controlled-environment experiment. 
Increased Asat in M. sacchariflorus accessions RU2012-069 and RU2012-114 
Decline in Asat upon chilling was matched by decline in ΦPSII, Vmax, Vpmax, and gs (Fig. 3.2, Fig. 
3.3, Fig. 3.4). Pooled analysis of Asat from both controlled environment experiments shows a 
statistically significant (p<0.05) advantage of selected M. sacchariflorus accessions over M. x 
giganteus (Fig. 3.4, Table 3.1). Asat was significantly greater in accessions RU2012-069 and 
RU2012-114 than in M. x giganteus prior to and during chilling, as evidenced by parameter y0 fit 
to Asat, (Fig. 3.4a) and repeated measures ANOVA throughout the chilling period, respectively 
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(Fig. 3.4b). Accordingly, Asat was lowest in M. x giganteus on the pre-chilling day (day 0), the 
first and last days of chilling (days 1 and 15, respectively) and the first day of recovery to 25° C 
(day 16) (Table 3.1). Accessions RU2012-069 and RU2012-114 showed significantly greater Asat 
than M. x giganteus (p<0.05) for most of these days, with RU2012-069 achieving 40% greater 
rates than M. x giganteus on day 0 and RU2012-114 achieving double the rate of M. x giganteus 
on days 15 & 16 (Table 3.1). However, the % decline in Asat during chilling was not significantly 
different between any of these accessions and M. x giganteus (Fig. C5). 
Pooled analysis of Asat and gs across both controlled environment experiments revealed a 
statistically significant (p<0.05) effect of the fixed "experiment" block, with values of Asat and gs 
significantly lower in the second experiment. This effect was seen only in analyses of chilling 
days (days 1-15), and not in pre-chilling days (day 0). 
Asat remains stable throughout chilling days in RU2012-112 
Even though photosynthetic rates were high throughout chilling in accessions RU2012-069 and 
RU2012-114, they declined continuously from days 1-15 at a rate of approx.. 0.2-0.3 μmol m-2 s-
1 each day (Fig. 3.2a, Fig. 3.4c). Over 15 days, this caused Asat to drop by more than half in 
accession RU2012-069 (Table 3.1). This progressive decline of Asat was statistically significant 
in all Miscanthus accessions but RU2012-112, as evidenced by parameter b fit to Asat and 
analyzed by student's t-test (b<0, p<0.05) (Fig. 3.4c). b for Asat was not significantly different 
from 0 in RU2012-112, but was significantly greater than in M. x giganteus (p<0.05), indicating 
this accession was more successful than M. x giganteus at maintaining Asat throughout days 1-15. 
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Physiological basis for improved Asat 
Net photosynthesis is dependent on ΦPSII, Vmax, Vpmax, and gs, and all of these parameters showed 
similar declines throughout chilling (Fig. 3.2, Fig. 3.4). ΦPSII was lowest in M. x giganteus 
relative to the three top-performing M. sacchariflorus accessions, and accessions RU2012-112 
and RU2012-114 maintained significantly (p<0.05) greater ΦPSII than M. x giganteus during 
chilling, as evidenced by repeated measures ANOVA throughout this period (Fig. 3.4e).  
Graphical analysis of A-ci curves clearly shows that Asat was not meaningfully restricted by either 
gs or Vpmax on chilling days (Fig. 3.2). In all Miscanthus accessions, the operating point of 
photosynthesis markedly shifted towards the plateau of the A-ci curve once chilling began. This 
reveals that changes in gs would have only a marginal impact on Asat, by shifting the operating 
point left or right on the plateau (Glowacka et al., 2015b). Whereas the operating point on day 0 
seemed to be co-limited by Vmax and Vpmax, i.e. occurred at the junction of the fit curves for Vmax 
and Vpmax-limited photosynthesis (see Chapter 1), on chilling days the point of co-limitation by 
Vmax and Vpmax occurred at a much lower ci than the operating point. 
Vmax and Vpmax tended to be lower in M. x giganteus than in accessions RU2012-069 and 
RU2012-114 prior to and during chilling (Fig. 3.4a, b), and both variables were lowest in M. x 
giganteus on the last day of chilling (day 15) and the first day of recovery to 25° C (day 16). 
RU2012-069 achieved significantly greater Vmax (p<0.05) then M. x giganteus on days 0 and 15 
(Table 3.1).  gs was significantly greater (p<0.05) in these accessions than in M. x giganteus prior 
to and during chilling, as evidenced by parameter y0 fit to gs, (Fig. 3.4d) and repeated measures 
ANOVA throughout chilling days, respectively (Fig. 3.4e).  
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Decline in Vmax, Vpmax and gs throughout chilling days (i.e. b<0) was most severe in M. x 
giganteus, and was significantly more pronounced (p<0.05) than in accession RU2012-112 (Fig. 
3.4c, f). In RU2012-112, b for these three photosynthetic variables was not significantly different 
from 0 (p>0.05, student's t-test), indicating values were stable over days 1-15 in this accession.  
Inconsistent re-acclimation to 25° C 
While M. x giganteus showed the slowest recovery of photosynthetic variables on the first day 
plants were returned to 25° C, its recovery one week later (day 23) was markedly superior (Fig. 
3.2, Table 3.1). Not only was Asat significantly and up to 70% greater (p<0.05) in M. x giganteus 
than any of the M. sacchariflorus accessions, it had also exceeded its own pre-chilling levels of 
Asat by approx.. 35% (Table 3.1). M. x giganteus also showed the greatest values for Vmax, Vpmax, 
and gs on day 23. Graphical analysis of A-ci curves on day 23 shows the operating point in all 
Miscanthus accessions had returned to co-limitation by Vmax and Vpmax on day 23, as in day 0 
(Fig. 3.2).  
Discussion 
This study has identified three M. sacchariflorus accessions, RU2012-114, RU2012-112, and in 
particular RU2012-069, with superior chilling tolerance relative to M. x giganteus 'Illinois'. 
RU2012-069 and RU2012-114 both maintained Asat up to 2 times greater than M. x giganteus 
throughout chilling, while RU2012-112 showed a unique ability to maintain Asat at a steady rate 
following an initial decline at the onset of chilling. Recovery of Asat to 25 °C was lower in M. x 
giganteus than in these three M. sacchariflorus accessions, but it showed superior recovery one 
week later.  
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Exceptional chilling tolerance found in three Siberian M. sacchariflorus accessions 
C4 plants are highly vulnerable to chilling temperatures, i.e. above freezing but below 15 °C 
(Friesen et al., 2014, Long, 1983, Long &  Spence, 2013). Field experiments in S. England, near 
the northern limit of Z. mays production in Europe have shown that the combination of chilling 
temperatures and high light are particularly damaging to photosynthesis and early growth (Baker 
et al., 1989).  The inter-specific hybrid C4 grass M. x giganteus was long considered an exception 
to this rule, being able to avoid such damage and maintain photosynthetic efficiency during and 
following chilling events.  This has been associated with the ability to up-regulate genes coding 
for key photosynthetic enzymes and chloroplast membrane components (Dohleman &  Long, 
2009, Friesen &  Sage, 2016, Naidu et al., 2003, Spence et al., 2014, Wang et al., 2008a, Wang 
et al., 2008b) and increasing capacity for non-photochemical quenching of PSII excitation 
energy upon chilling (Farage et al., 2006, Spence et al., 2014).  
It now appears the exceptional performance of M. x giganteus at low temperature can be 
surpassed. Field screening of Fv/Fm showed a high potential for chilling tolerance within the 
Siberian Miscanthus germplasm (Fig. C3). Nearly all M. sacchariflorus accessions surpassed 
Fv/Fm in M. x giganteus, and achieved values as high as 0.74, remarkably close to the values of 
0.77 achieved by healthy upper canopy leaves of M. x giganteus 'Illinois' grown in the warm 
summer of the US Midwest (Pignon, 2013). A previous study has identified M. sacchariflorus 
accessions which exceeded photosynthetic rates in M. x giganteus, achieving Asat of approx.. 16 
μmol m-2 s-1 at 15 ° C (Glowacka et al., 2015b). Here we show that M. sacchariflorus accession 
RU2012-069 achieved a comparable level of Asat at approx.. 13 μmol m-2 s-1 on the first day of 
chilling (day 1) despite being measured at only 10 ° C (Fig. 3.2a, Table 3.1). This photosynthetic 
rate is exceptional for a C4 plant at 10 ° C, and on par with C3 species expected to surpass C4 at 
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this temperature (Long &  Spence, 2013, Sage, 2002). These high levels of Asat further suggest 
that bundle-sheath chloroplast volume availability is unlikely to restrict photosynthesis through 
Rubisco content in these C4 plants, as seen in Chapter 2. 
The controlled chilling period used in this study lasted two weeks and caused a steady decline in 
photosynthetic parameters (b<0) in nearly all accessions, with the exception of RU2012-112 
(Fig. 3.2). There was no indication that photosynthesis would continue to deteriorate in a 
lengthier chilling treatment in this accession, whose unique response to the chilling treatment 
indicates it may be more productive under constant low temperature (Glowacka et al., 2014).  
While on recovery, the widely used clone of M. x giganteus achieves a higher rate after 7 days at 
25 °C, such temperatures for such a prolonged period would be a rare event in the regions of N. 
America and Europe at the northern edge of current production (U.S.D.A, 2017). Poor short-term 
recovery to 25 °C in M. x giganteus suggests it would underperform relative to M. sacchariflorus 
during transient warm periods early in the growing season, particularly relative to the rapid 
recovery of RU2012-114 (Fig. 3.2a, Table 3.1) (Glowacka et al., 2014). The 'Illinois' clone of M. 
x giganteus is known to strongly up-regulate expression of genes coding for proteins that are 
likely limiting to CO2 uptake, including PPDK, at chilling and warm temperatures (Spence et al., 
2014, Wang et al., 2008b).  This might explain the higher photosynthetic rates it achieved a week 
after the end of the chilling treatment (Fig. 3.2a, Table 3.1). Because the operating point of 
photosynthesis was significantly more Vmax-limited at low temperature than at 25 °C, the 
significantly greater (p<0.05) levels of gs and Vpmax in M. x giganteus on day 23 may have 
contributed to improved Asat far more than they would have during chilling days (Fig. 3.3) 
(Glowacka et al., 2015b). It also appears that the significant Vmax limitation seen in C4 plants 
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grown at 25-35 °C in Chapter 1, may be even more pronounced when plants are exposed to 
lower temperatures. 
Low-temperature Asat primarily driven by Vmax 
For all accessions the operating point, i.e. the CO2 uptake rate on the A/ci response where the ci is 
that obtained at the current ambient [CO2], was at the point of inflexion between limitation by 
the rate of PEP carboxylation (Vpmax) and regeneration (Vmax), when measured at 25 °C prior to 
the chilling treatment (Fig. 3.3). However, during chilling the operating point was on the plateau 
of the A/ci response for all accessions, indicating biochemical limitation by PEP regeneration 
(Vmax) and negligible stomatal limitation to photosynthesis (Fig. 3.3). Metabolic control analysis 
indicates that this is limitation by Rubisco, PPDK or the two in combination (Furbank et al., 
1997). The much higher rate of RU2012-069 on transfer to chilling suggests that this genotype 
may maintain larger quantities of these enzymes and their activator proteins, prior to chilling 
(Table 3.1, Fig. 3.2a, Fig. 3.3). That is, this genotype may be adapted to chilling stress by 
intrinsically maintaining higher levels of activity in the points likely to become limiting under 
chilling conditions. Accordingly, whereas RU2012-069 showed superior performance of Asat, 
Vmax and Vpmax overall, there was no indication that it maintained a greater proportion of pre-
chilling photosynthesis during chilling days (Fig. C5). 
Interestingly, values of Asat and gs were significantly lower in the second controlled environment 
experiment, but only on chilling days (days 1-15), not pre-chilling days (day 0). This may be 
because plants in the second experiment were more stressed, being exposed to saturating photon 
flux (Q=2000 μmol m-2 s-1) for the duration of an A-ci curve every two days rather than the more 
rapid point measurement of Asat of the first controlled environment experiment. Indeed, the 
combination of chilling temperatures and high light are particularly damaging to photosynthesis 
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in C4 crops (Baker et al., 1989). Photosynthetic capacity may be even greater in accessions such 
as RU2012-069 and RU2012-114 exposed to chilling in a less stressful light environment, as Asat 
in these accessions reached >15 μmol m-2 s-1 on the first day of chilling (day 1) in the first 
controlled-environment experiment (Fig. 3.1a). At lower photon fluxes, the greater ΦPSII seen in 
M. sacchariflorus accessions could also contribute to improved photosynthesis (Fig. 3.1a, Fig. 
3.4d, e) (Glowacka et al., 2014, Glowacka et al., 2015b). While greater ΦPSII may be indicative 
of reduced photoinhibition, and therefore improved chilling tolerance, this by definition will not 
restrict photosynthesis under the light-saturating conditions used here during the controlled-
environment experiments (Glowacka et al., 2015b, Pignon, 2013). 
M. sacchariflorus typically shows greater chilling tolerance than M. sinensis (Glowacka et al., 
2014, Glowacka et al., 2015b). This is in accordance with the natural distribution of M. 
sacchariflorus, which extends further north into Asia than M. sinensis (Clark et al., 2014, 
Clifton-Brown et al., 2008). This is particularly important as M. sacchariflorus, being the 
tetraploid parent to M. x giganteus, has twice the genetic influence of M. sinensis on hybrid 
offspring (Glowacka et al., 2015b). To maximize the effectiveness of breeding programs 
involving the M. sacchariflorus accessions described here, it will be necessary to pair them with 
high performance M. sinensis accessions (Farrell et al., 2006). 
Conclusion 
Breeding crops for improved chilling tolerance could significantly improve productivity, as poor 
chilling tolerance can hamper yield in important C4 crop growing areas such as the US Midwest 
Corn Belt (Allen &  Ort, 2001), and disruption of climate due to global warming may cause more 
frequent and intense cold weather events in the North American spring (Kim et al., 2017). 
67 
 
Productivity and chilling tolerance of M. x giganteus, particularly the ‘Illinois’ clone used in this 
study, has been extensively documented in the US (Arundale et al., 2014a, Arundale et al., 
2014b, Dohleman et al., 2009, Dohleman &  Long, 2009, Heaton et al., 2008, Heaton et al., 
2010) and Europe (Beale et al., 1996, Beale &  Long, 1995, Clifton-Brown et al., 2008, Clifton-
Brown &  Lewandowski, 2002, Clifton-Brown et al., 2001, Purdy et al., 2013).  
We show that three M. sacchariflorus accessions, which are among the most northerly of those 
collected in Siberia (Clark et al., 2016), appear to provide particularly valuable germplasm for 
breeding superior M. x giganteus clones.  RU2012-069 maintained high rates of Asat (>7 µmol m-
2 s-1) during a lengthy chilling period (Fig. 3.2a, Fig. 3.4b). RU2012-114 showed high Asat during 
chilling and had the most rapid recovery of photosynthesis following a return to 25 °C. 
Photosynthetic variables in RU2012-112 did not decline throughout chilling days (days 1-15), 
suggesting it could have sustained growth during even lengthier chilling spells (Fig. 3.2a, Fig. 
3.4c, f). These accessions demonstrate the extreme chilling tolerance found in the novel Siberian 
Miscanthus germplasm used in this study, and show significant potential for the breeding of 




Table and Figures 
Table 3.1: Mean and standard error for the following photosynthetic parameters: light-saturated operating photosynthesis (Asat), stomatal 
conductance to water vapor (gs), ci -saturated photosynthesis (Vmax), maximum apparent rate of PEPc carboxylation (Vpmax), and operating 
quantum yield of PSII photochemistry (ΦPSII). Values are shown for the pre-chilling day (day 0), the first and last days of chilling (days 1 and 
15, respectively), and the first and last days of recovery to 25 °C (days 16 and 23, respectively). For days 0, 1, 15, and 16,* identifies significantly 
greater value for a M. sacchariflorus accession (RU2012-114, RU2012-112, and RU2012-069) than the control, M. x giganteus for a given 
parameter and day (Dunnett’s one-tailed test, α< 0.05). For day 23,* identifies significantly different value between a M. sacchariflorus accession 
and the control, M. x giganteus for a given parameter (Dunnett’s two-tailed test, α< 0.05). Plants were kept at 25 °C daytime/20 °C nighttime on 
day 0 and days 16 through 23, and at 10 °C daytime/5 °C nighttime on days 1 through 15. n=10 for Asat and gs, 6 for Vmax and Vpmax, and 4 for 
ΦPSII. 
Parameter Day RU2012-069 RU2012-112 RU2012-114 M. x giganteus mean s.e. mean s.e. mean s.e. mean s.e. 
Asat 
0 33.6* 1.9 25.7 2.0 31.2* 1.7 24.3 1.2 
1 13.0* 1.5 8.9 0.9 10.6 1.6 8.1 0.7 
15 5.2* 0.9 4.8 1.0 5.5* 1.2 2.8 0.5 
16 12.8 2.2 13.2 3.1 15.3* 1.4 7.3 3.0 
23 24.5* 2.0 19.4* 1.1 26.5* 1.9 32.7 1.0 
gs 
0 0.27* 0.02 0.19 0.02 0.26* 0.01 0.18 0.01 
1 0.14* 0.02 0.09 0.01 0.12 0.02 0.09 0.01 
15 0.11* 0.02 0.08* 0.01 0.09* 0.01 0.04 0.00 
16 0.12 0.01 0.15 0.02 0.13 0.01 0.11 0.03 
23 0.21* 0.02 0.15* 0.01 0.23* 0.03 0.29 0.01 
Vmax 
0 40.4* 2.3 28.7 3.0 32.6 2.0 31.1 2.8 
1 12.8 1.8 8.5 0.4 7.9 0.9 9.5 1.4 
15 6.0* 1.5 3.2 1.1 3.7 0.3 2.1 0.5 
16 16.4 4.6 14.2 3.3 15.9 1.8 9.1 3.3 
23 29.2 3.7 20.5* 1.3 28.0 2.0 35.9 1.1 
Vpmax 
0 68.4 6.6 56.5 5.1 59.7 3.5 54.7 3.5 
1 20.7 3.5 16.0 3.0 13.7 1.3 15.3 2.8 
15 9.9* 2.2 6.4 1.9 6.5 1.4 5.4 1.1 
16 27.3 4.9 31.5 6.8 28.0 6.0 17.2 4.7 
23 40.1* 2.9 36.8* 2.2 40.8* 1.1 61.9 5.3 
ΦPSII 
0 0.21 0.01 0.19 0.01 0.21 0.02 0.18 0.01 
1 0.11* 0.02 0.09 0.01 0.10* 0.01 0.07 0.01 
15 0.10 0.02 0.10 0.01 0.10 0.01 0.06 0.00 





Figure 3.1: (a) Time course of light-saturated operating point of photosynthesis (Asat) in the first controlled environment experiment, for 
Miscanthus x giganteus and accessions of Miscanthus sacchariflorus. Plants were kept at 25 °C daytime/20 °C nighttime on day 0 and at 10 °C 
daytime/5 °C nighttime on days 1 through 15. Each point is the mean (±1 s.e.) of 4 measurements. Lines from days 0-15 are best-fit curves of an 
adjusted exponential decline. (b) Means and standard errors of the parameters describing the chilling response (days 0-15) of Asat in Miscanthus x 
giganteus and accessions of Miscanthus sacchariflorus during the first controlled environment experiment. y0 gives the parameter value prior to 
the chilling treatment. b describes the rate of linear increase (b>0) or decrease (b<0) of the asymptote in days 1-15. The chilling mean is the mean 





Figure 3.2: Time course of light-saturated operating point of photosynthesis (Asat) (a), stomatal conductance to water vapor (gs) (b), operating 
quantum yield of PSII photochemistry (ΦPSII) (c), ci -saturated photosynthesis (Vmax) (d), and maximum apparent rate of PEPc carboxylation 
(Vpmax) (e), for Miscanthus x giganteus and accessions RU2012-114, RU2012-112, and RU2012-069 of Miscanthus sacchariflorus. Plants were 
kept at 25 °C daytime/20 °C nighttime on day 0 and days 16 through 23, and at 10 °C daytime/5 °C nighttime on days 1 through 15. Each point is 












Figure 3.3: Summary of A- ci curves and stomatal supply functions for Miscanthus x giganteus and accessions RU2012-114, RU2012-112, and 
RU2012-069 of Miscanthus sacchariflorus on different measurement days of the second controlled environment experiment. Datapoints are the 
mean values for achieved photosynthesis (A) and intercellular [CO2] (ci) for each Miscanthus accession at a given level of reference [CO2]. Lines 
are average best-fit curves. Responses for Vpmax-limited photosynthesis are shown only for ci<200 µmol mol-1, whereas average fit responses for 
Vmax-limited photosynthesis are shown for ci <1000 µmol mol-1. Achieved photosynthesis (A) at a given ci will be the minimum of these two 
functions. Stomatal supply functions are traced from the average atmospheric [CO2] (ca) to the predicted rate of photosynthesis (A) at the average 
operating ci for each day and Miscanthus accession. Plants were kept at 25 °C daytime/20 °C nighttime on day 0 and days 16 through 23, and at 






Figure 3.4: Means and standard errors of the parameters describing the chilling response (days 0-15) of Miscanthus x giganteus and accessions 
RU2012-114, RU2012-112, and RU2012-069 of Miscanthus sacchariflorus for the following photosynthetic parameters: light-saturated operating 
photosynthesis (Asat), stomatal conductance to water vapor (gs), ci -saturated photosynthesis (Vmax), maximum apparent rate of PEPc carboxylation 
(Vpmax), and operating quantum yield of PSII photochemistry (ΦPSII). y0 gives the parameter value prior to the chilling treatment. The chilling 
mean is the mean of a given parameter over days 1-15. b describes the rate of linear increase (b>0) or decrease (b<0) of the asymptote in days 1-
15. For y0 and b, * identifies significantly greater value (Dunnett’s one-tailed test, α< 0.05) for a M. sacchariflorus accession than the control, M. 
x giganteus for a given parameter. For the chilling mean, * identifies significantly greater value of the parameter throughout days 1-15 (one-tailed 
repeated measures ANOVA, α< 0.05) for a M. sacchariflorus accession relative to the control, M. x giganteus.  For the b parameter, # identifies 
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Chapter 4: Trade-offs in decreasing stomatal conductance in C4 plants: 2% loss in 
photosynthesis for 30% savings in crop water use 
Abstract 
Globally, maize accounts for more of the world’s food and feed, than any other crop. Improvements 
in genetics and associated agronomy have resulted in a linear increase in yield per acre over the past 
60 years, and an expectation that this could continue into the future, given the projected 70% 
increase in demand for food and feed by 2050. However, crop water use has risen in proportion with 
yield, with crop water use efficiency (WUE) remaining virtually stagnant. In fact, WUE is 
expected to worsen in the near future with predicted increases in temperature and water vapor 
pressure deficit (VPD). The result is that within two decades, further maize yield increases in 
much of the US rainfed Corn Belt may not be possible, without introducing irrigation. Therefore 
there is an urgent need to genetically improve WUE, if sustainable yield increases are to be 
achieved to meet future food demand. A meta-analysis shows that the balance between 
photosynthesis and transpiration at the leaf level in maize, a C4 plant, appears optimized for pre-
historic CO2 concentrations and sub-optimal under today’s [CO2]. Using detailed biophysical 
crop model simulations, we show that decreasing stomatal conductance through known genetic 
manipulations would improve leaf-level WUE by 40% at light saturation. However, over a 
diurnal course, leaves within a maize canopy experience a range of light, humidity and 
temperature conditions. Integrating the leaf level savings to the crop canopy, shows that over the 
course of a typical growing day in a mature crop canopy, crop water use efficiency would be 
improved by 38% for less than 2% loss in productivity. This could result in a savings of 74,000 
billion liters annually in the US  Midwest  Corn Belt. Despite higher leaf temperatures and VPDs, 
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reducing stomatal conductance could increase WUE in 2050 by 62% in 2050, demonstrating an 
important pathway towards sustainably meeting our future food and water security needs. 
Introduction 
Agriculture is the largest consumer of fresh water accounting for nearly 70% of available 
worldwide resources (UNESCO, 2001). While only 17% of global cropland is irrigated, largely 
through unsustainable means, it accounts for nearly 40% of worldwide food production (FAO, 
2002). To meet the increasing demands of a growing population, it is predicted that the world’s 
food supply must nearly double by 2050 (Tilman and Clark, 2015), at higher temperatures and 
higher vapor pressure deficits (Lobell et al., 2013) which decrease crop water use efficiency. 
Moreover, due to predicted increased intensity, and frequency of droughts (IPCC, 2002; Pimentel et 
al., 2004) the water available to grow these crops could be drastically decreased (Sheffield and Wood, 
2008; IPCC, 2002), posing significant challenges towards achieving future yield targets. 
The concept of virtual water, which is the water embodied in producing a commodity, is 
increasingly influencing domestic and international trade decisions (Konar et al., 2013). In 
addition, intensification of water conflicts around the world signify the potential challenges faced by 
local and federal governmental agencies towards accomplishing sustainable food and water 
security (Poff et al., 2003). In this context, strategies for increasing crop yields while conserving 
water become essential for crop breeders worldwide (Lawson et al., 2011; Ort et al., 2015; 
Srinivasan et al., 2016; Drewry et al., 2014). 
An inherent aspect of plant growth is the tradeoff  between net photosynthetic carbon assimilation 
(A) , and water loss through transpiration (Franks and Farquhar, 2007; Lawson et al., 2011; Lawson 
and Blatt, 2014). Stomata are specialized cell complexes on the leaf epidermis, which regulate the 
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uptake of CO2 into the leaf internal air space for carbon assimilation, but also expose the wet 
surfaces of the leaf cells to the atmosphere (Cowan, 1971; Cowan and Farquhar, 1977; Lawson et 
al., 2011). Assimilation and transpiration are largely determined by the degree of stomatal 
conductance to these gas fluxes, which depends on stomatal number, morphology and aperture 
(Hetherington and Woodward, 2003; Lawson et al., 2011; Lawson and Blatt, 2014), and is regulated 
by various environmental factors such as the light intensity of photosynthetically active radiation, 
concentration of CO2 in the atmosphere, and leaf water vapor pressure deficit (Ball et al., 1987; 
Lawson et al., 2011; Buckley, 2005). Instantaneous water use efficiency (WUE) is the amount of 
carbon gained per unit water lost by the leaf. WUE is higher in C4 plants compared to C3 plants, 
due to their maintenance of high CO2 concentration at the bundle-sheath cells (the site of 
photosynthesis) through use of a carbon concentrating mechanism (CCM) (Hatch, 1987; von 
Caemmerer, 2000). Some of the world's major food and biofuel crops such as maize, sorghum, 
sugarcane, miscanthus, and switchgrass are all C4 crops. 
Under light saturating conditions, C4 crops such as  maize show a biphasic response of  A to 
intercellular [CO2] (ci), that is an initial and steep linear increase in photosynthesis followed by a 
sharp inflection to a plateau (von Caemmerer and Furbank, 1999; Sage and Kubien, 2003). The 
level of A and ci achieved under normal operating conditions (i.e. at ambient atmospheric [CO2]) identify 
a specific location on the A-ci curve, known as the operating point (Farquhar and Sharkey, 1982). 
Higher rates of stomatal conductance to water vapor (gs) will increase transpiratory water loss and 
ci, but increased ci only benefits A on the initial slope of the A-ci, and not on the plateau. Hence, 
an operating point close to the inflection point is considered optimal in terms of WUE. 
Experimental observations on maize leaves under current [CO2] shows that the operating point lies 
significantly away from the inflection point, into the plateau region (Leakey et al., 2006), and this 
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trend is further exacerbated under higher [CO2], and low light growth conditions (Pengelly et al. 
2010). This is documented extensively in C4 plants in Chapter 1. 
The implication of the ci-saturated operating point in C4 plants such as maize is that  gs  is higher 
than what would be necessary for optimal WUE. Therefore, it is hypothesized that by decreasing gs, 
transpiration can be significantly reduced while largely maintaining A thereby significantly 
increasing leaf and crop WUE. It must be noted that decreasing transpiration alters the energy 
balance of the leaf, and typically increases leaf temperature and sensible heat loss as a 
compensation for decreased latent heat loss (Nikolov et al., 1995; Drewry et al., 2010). While 
increased leaf temperatures have the potential to boost A depending on the relationship between 
the leaf temperature and temperature optimum for photosynthetic enzyme activity, higher leaf 
temperatures always increase leaf water vapor pressure deficit (VPD), thereby increasing transpiration 
and crop water loss. Hence, the energy balance feedback has the potential to reduce the gains in 
WUE from stomatal closure. 
While canopy top leaves receive full sunlight, the leaves in the lower canopy, depending on the 
relative angles of sun and leaves are mostly shaded, and operate at lower light levels (Campbell and 
Norman, 1998; Drewry et al., 2010). At lower light levels, photosynthetic rates are smaller and 
typically energy limited (Farquhar and Sharkey, 1982; von Caemmerer, 2000). While gs of shaded 
leaves is typically lower than that of light saturated sunlit leaves (Farquhar and Sharkey, 1982; 
Pearcy, 1990), the potential to further decrease gs in shaded leaves might result in larger water 
savings than light saturated sunlit leaves. 
This paper tests the hypothesis that by decreasing gs in C4 crops under current (400 ppm) and 
projected mid-century (550 ppm) [CO2], increases in WUE can be achieved through reduction in 
transpiration while largely maintaining the rates of photosynthetic carbon assimilation. This is 
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accomplished through statistical data analysis of published measurements and model simulations 
using an integrated, process based, mechanistic C4 leaf and canopy model (PlantGro). PlantGro 
models C4 leaf photosynthesis using the formulations from the von Caemmerer (2000) model, and 
gs using the Ball-Berry model (Ball et al., 1987). It also incorporates leaf boundary layer 
conductance, and leaf energy balance formulation using the (Nikolov et al., 1995) model. It 
couples leaf level models and integrates them to the plant canopy using a 1-D verical turbulent 
scalar mixing model (Drewry et al., 2010). PlantGro incorporates a multi-layer sunlit-shaded 
formulation for light attenuation within the canopy (Drewry et al., 2010) to determine the light 
absorbed by the different parts of the canopy. PlantGro is driven by weather data such as canopy 
top incoming solar radiation, wind speed, atmospheric [CO2], humidity and temperature. 
Model description 
Leaf model 
The steady state C4 leaf model computes energy fluxes such as sensible heat, latent heat, 
wavelength dependent radiation fluxes, and energy of photosynthesis; mass fluxes such as net and 
gross carbon assimilation, dark respiration, transpiration; and leaf states such as leaf internal CO2 
concentration, leaf temperature, boundary layer conductance, stomatal conductance etc., at the 
leaf level for a given environmental condition (incoming short wave and long wave radiation, air 
temperature, humidity, CO2 concentration, and wind velocity). The model consists of 4 
interdependent modules namely; photosynthesis module, boundary layer conductance module, 
stomatal conductance module, and energy balance module. The list of constants, parameters, input 





The transient mass balance equations for CO2 in C4 photosynthesis applied to the whole leaf, the 
mesophyll, and the bundle sheath are: 
                                
 
where ci is the leaf inter-cellular CO2 concentration, Anet, is net photosynthetic carbon 
assimilation rate, Vc is the rubisco carboxylation rate in the bundle sheath, Vo is the rubisco 
oxygenation rate in the bundle sheath, Rm is the mesophyll dark respiration rate, Rbs is the bundle 
sheath dark respiration rate, cm is the mesophyll CO2 concentration, Vp is the PEP carboxylation 
rate in the mesophyll, Lc is the CO2 leakage rate from the bundle sheath to the mesophyll, cbs is 
bundle sheath CO2 concentration, and Vc is the rate of rubisco carboxylation in the bundle sheath. 
Under steady state conditions, the mass balance equations simplify to (von Caemmerer, 2000): 




Assuming cm ≈ci, the CO2  leakage rate Lc  can be modeled as a diffusive  process as (von 
Caemmerer, 2000): 
     
 
 
where gbs is the bundle sheath conductance to CO2. 
Representing Rd = Rm + Rbs, where Rd is the total leaf dark respiration rate, and substituting the 
expression for CO2 leakage rate Lc, the mass balance equations simplify to (von Caemmerer, 2000): 
                             
 
The rubisco oxygenation rate in the bundle sheath Vo is given as (von Caemmerer, 2000): 
                                          
 
 
where; γ∗ is half the reciprocal of rubisco specificity, and Obs is the bundle sheath oxygen 
concentration. Substitution of the expression for Vo in the steady state mass balance equation 





          Vp can either be enzyme limited or energy limited. This is represented as (von 
Caemmerer, 2000): 
                              
 
 
where Vp,light is the light limited PEP carboxylation rate, Vp,CO2 is the CO2 limited PEP 
carboxylation rate, J is the whole chain electron transport rate, x is the fraction of electron 
transport rate partitioned to PEP carboxylation, Vp,max is the maximum PEP carboxylation rate, 
Kp is the Michaelis-Menton constant of PEP carboxylase for CO2, and Vpr is the maximum PEP 
regeneration rate. The electron transport rate J is given as (von Caemmerer, 2000): 




where I is the useful photosynthetically active radiation absorbed by PSII, Jmax is the maximum 
electron transport rate, and θ is an empirical curvature factor. I is given as (von Caemmerer, 
2000): 
     
 
where; PAR is the bi-directional photosynthetically active radiation absorbed by the leaf, and 
ΦPSII is the photochemical efficiency of photosynthesis. 
Vc can either be enzyme limited or energy limited. This is represented as (von Caemmerer, 2000): 
 
 
where Vc,light is the light limited rubisco carboxylation rate, Vc,CO2 is the CO2 limited rubisco 
carboxylation rate, Vc,max is the maximum rubisco carboxylation rate, Kc is the Michaelis- 
Menton constant of Rubisco for CO2, and Ko is the Michaelis-Menton constant of Rubisco for 
oxygen. 
The bundle sheath oxygen concentration Obs is given as (von Caemmerer, 2000): 
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where α is the fraction of oxygen evolving in the bundle sheath from rubisco carboxylation process, 
Oi is the oxygen concentration in the mesophyll and it is assumed to be equal to atmospheric 
oxygen concentration. 
Rd, Rm, and Rbs are represented as (von Caemmerer, 2000): 
 
where fd is the leaf dark respiration parameter, and fm is the fraction of leaf dark respiration rate 
partitioned to mesophyll dark respiration rate. 
The parameters Vc,max, Vp,max, and Jmax are dependent on temperature and are represented using 
the following function (Massad et al., 2007). 
 
where  Tleaf  is the leaf temperature in °C, Tleaf K  is the leaf temperature in K, χ@Tleaf   is the 
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value of the parameter at the leaf temperature Tleaf, χ@25 ◦C is the value of the paramter at 25 °C,  
Ea is the activation energy,  Hd  is the deactivation energy,  ∆S is the entropy factor, and R is the 
universal gas constant. 
The Michaelis-Menten constants Kp, Kc, and Ko are dependent on temperature and are represented 
using the following function (Chen et al., 1994). 
    
 
where K@Tleaf is the Michaelis-Menton constant at the leaf temperature Tleaf, K@25 ◦C is the 
Michaelis-Menten constant at 25 ◦C, and Q10  is the temperature coefficient. 
The parameters θ, and ΦP SII used in the electron transport rate equations (Eqs: 8 and 
9) are dependent on temperature and are represented using the following functions (Chen et al., 
2003). 
 
The gross photosynthetic carbon assimilation rate Agross is calculated as: 
        
 
Given Tleaf, ci, and I together with other parameter values, we can solve the system of coupled 
equations represented by (Eq:6), to obtain the net photosynthetic carbon assimilation rate Anet, 
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and the concentration of CO2  in the bundle sheath cbs.  This solution is obtained numerically by 
employing the Nelder-Mead algorithm, which solves a simplex function minimization procedure 
(Nelder and Mead, 1965). 
Leaf boundary layer conductance 
The leaf internal air space is assumed to be saturated with a vapor pressure Ei. The satu- ration 
vapor pressure Esat as a function of Tleaf is given as: 
 
 
The vapor pressure of environmental air Ea is computed as: 
   
 
where; φ is the atmospheric relative humidity. The leaf boundary layer conductance for water 
vapor gb is given as (Nikolov et al., 1995):    
   
where; gbforced, and gbfree are the forces and free leaf boundary layer conductances for water vapor, 
respectively. gbforced is dependent on the leaf dimension d, and wind speed v; while gbfree is 
dependent on the leaf dimension d, and the temperature difference between the leaf temperature 




where Pa is the atmospheric pressure, cforced is the coefficient for forced conductance, cfree is the 
coefficient for free conductance, and ∆T is the difference in virtual temperatures between the leaf and 
air. The difference in virtual temperatures between the leaf and air ∆T is given as (Nikolov et al., 
1995):     
 
where Ebt  is the vapor pressure at the leaf boundary layer from forced conductance and is given as 
(Nikolov et al., 1995; Drery et al., 2011):      
   
where g st =gs/41.1 is the stomatal conductance for water vapor in m s−1, gs  is the stomatal 
conductance to water vapor in mol m−2 s−1. The leaf boundary layer concentrations of CO2 
cb, and water vapor Eb are given as (Nikolov et al., 1995): 
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where gs is the stomatal conductance to water vapor. 
Stomatal conductance 
The governing equation for gs is based on the BallBerry model and is given as (Ball et al., 1987): 
        
where; b is the Ballberry intercept parameter, and m is the Ballberry slope parameter. The leaf 
internal CO2 concentration is given as (Nikolov et al., 1995): 
 
     
The coefficients 1.37 and 1.6 in (Eq:24) represent the ratios of molecular diffusivities of water vapor 
and CO2 in still air and at the leaf boundary layer. 
Leaf energy balance 
The leaf energy balance equation under steady state equilibrium (ignoring changes in heat storage 
in leaves) is given as: 
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where NIR is the bi-directional near infrared radiation absorbed, LW is the bi-directional long 
wave radiation absorbed, H is the sensible heat flux out of the leaf, LE is the latent heat flux out 
of the leaf, E is the emitted long wave radiation, and Me is the energy of photosynthesis. PAR, 
NIR, and LW are model inputs. The rest of the energy fluxes are given as (Nikolov et al., 1995): 
          
 
where; Hf is 1 or 2 depending on whether sensible heat flux is from one or two sides of the leaf, 
CP is the specific heat capacity of air, gbH is the leaf boundary layer conductance for heat, LEf is 
1 or 2 depending on whether latent heat flux is from one or two sides of the leaf, CLV is the latent 
heat of vaporization of water, g is the combined water vapor conductance of the stomata and the 
leaf boundary layer, Ef is 1 or 2 depending on whether long wave emission is from one or two 
sides of the leaf, ɛ is the leaf emissivity of long wave radiation, and σ is the Stefan-Boltzman 
constant. The leaf boundary layer conductance for heat gbH is given as (Nikolov et al., 1995): 
  
 
The combined water vapor conductance of the stomata and the leaf boundary layer g is given as: 
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The transpiration flux from the leaf τ is calculated as: 
     
 
The instantaneous water use efficiency WUEins, and the intrinsic water use efficiency iWUE are 
calculated as:  
      
 
The energy balance equation (Eq:26) is a quartic equation that is numerically solved using the Jenkins-
Traub real polynomial root finder algorithm to obtain the value of leaf temperature Tleaf.      
C4 leaf model solution 
The solution for the C4 leaf photosynthesis is obtained by simultaneously solving for ANet, ci, g, 
and Tleaf using numerical iteration. Each of the 4 leaf level models are iterated in sequence 
assuming an initial value. The results from each of the model are updated at the next model 
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execution. Iteration is performed until convergence. The convergence criterion employs an error 
tolerance of less than 1% in ci, gs, and Tleaf. 
Canopy model 
The canopy model includes a 1-D vertical light attenuation model with explicit representation for 
sunlit and shaded leaf fractions and resolves the canopy fluxes using a 1-D vertical turbulent 
transport scheme. The details of this model has been previously fully described (Drewry et al., 
2010). 
Forcing data and model parameters 
The leaf energy balance and boundary layer model parameters were obtained from Drewry et al. 
(2010). The leaf stomatal conductance parameters were obtained from Collatz et al. (1992). The 
leaf photosynthesis model parameters were obtained from von Caemmerer (2000). The canopy 
model including the sunlit and shaded leaf model, short and long wave attenuation model, and the 
scalar flux distribution model parameters were obtained from Drewry et al. (2010). The canopy 
simulations were performed on a mature corn canopy with an LAI of 6, around the time of grain 
fill. The climate forcing data was obtained from the weather station at Bondville IL, the site 
description of which has been previously described (Srinivasan et al., 2016). A 10 year average 
climate forcing (2005 to 2015) representative of the first week of August, corresponding to the 
grain fill growth stage was employed to perform the canopy simulations (Fig. D1). 
A-Ci curve data and statistical analysis 
67 A-ci curves measured in Zea mays L. were obtained from 13 publications to infer the 
operating point over a range of growth [CO2]: sub-ambient ([CO2] <350 ppm), ambient ([CO2] 
between 350 and 450 ppm), and elevated ([CO2] >450 ppm). This is a subset of the data analyzed in 
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Chapter 1. Only curves which were measured in well watered and fertilized plants, at high light 
(incident photon flux density >800 µmol m−2 s−1 for indoor plants and 1500 µmol m−2 s−1 for outdoor 
plants) and in the temperature range 25-35 °C were used.  A-ci curves extracted from published 
figures were obtained using Dexter digitizing software (Demleitner et al., 2001), such that a single 
measurement was available per study and treatment. The remaining A-ci curves were obtained 
through correspondence with the authors (listed in the acknowledgements) resulting in many 
measurements for each source. To overcome sample biasing, one average statistic was obtained per 
publication for each treatment, resulting in 24 unique data sets which were used in our statistical 
analysis.  
Each A-ci response curve was fit to a four-parameter (intercept, slope, asymptote, and curvature), 
non-rectangular hyperbolic function (Leakey et al., 2006), using non-linear regression in PROC 
NLIN (SAS v8.02; SAS Institute, Cary, NC, USA). Fitted curves were used to obtain the ci-
saturated photosynthetic assimilation rate (Vmax) assumed to be A at ci of 2000 ppm. The 
operating level of ci was identified by selecting the point(s) of the curve measured at [CO2] 
equivalent to the plant’s growth [CO2]. The estimated value for A at this ci, was defined as the 
operating point of photosynthesis (Aoperating). To compare operating points across measurements, 
estimated A values were normalized with the Vmax value from the corresponding curve, this was 
calculated as Aoperating/Vmax. 
A linear regression analysis (PROC GLM, SAS Institute) was performed on the compiled data at p 
<0.05 threshold to test the following hypotheses: 1) the operating level of ci increases when 
growth [CO2] increases; 2) Aoperating/Vmax increases when growth [CO2] increases. These 
hypotheses were tested between sub-ambient and ambient [CO2] data, and between ambient and 
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elevated [CO2] data. Homogeneity of residual variance was determined graphically. Normality of 
residuals was tested by Shapiro-Wilke at p <0.01 threshold (PROC UNIVARIATE, SAS Institute). 
Results 
Statistical analysis of published A-ci curves in Z. mays demonstrated that the operating point of 
photosynthesis shifts along the A-ci response curve when plants are grown at different levels of 
atmospheric [CO2], as seen in Chapter 1  (Fig. 4.1,Table 4.1). At present atmospheric [CO2], 
photosynthesis operates on the plateau of the response curve, past the inflexion point; while under 
elevated [CO2] the operating point shifts further onto the plateau. In both cases, photosynthesis is ci 
saturated. In contrast, plants grown at pre-industrial [CO2] show an operating point along the 
initial slope of the A-ci response curve, where photosynthesis is ci  limited (Fig. 4.1). Accordingly, 
the operating level of ci  , and Aoperating /Vmax, both significantly increase from sub-ambient to 
ambient [CO2], as operating photosynthesis is shifted from the ci  limited to the ci  saturated section 
of the A-ci response curve (Fig. 4.1,Table 4.1). From ambient to elevated [CO2], the operating 
level of ci  significantly increases, but Aoperating /Vmax does not, as operating photosynthesis is 
shifted further into the ci saturated section of the A-ci response curve. 
Under light saturating conditions, PlantGro model reproduces the biphasic response of C4 A-ci curves 
(Fig. 4.2a), and these results are consistent with observed field data based on ‘Free Air 
Concentration Enrichment’ (FACE) experiments under present (400 ppm) and elevated (550 ppm) 
[CO2] (Leakey et al., 2006). At the average [CO2] of the past quarter million years in which the 
ancestors of maize evolved (220 ppm), photosynthesis is limited by the initial slope of the A-ci 
curve, whereas at today’s (400 ppm) and elevated (550 ppm) [CO2], photosynthesis is limited by 
the plateau (Fig. 4.2a). At operating points where the intercellular [CO2] is greater than at the 
96 
 
inflection point, there is no additional carbon gain, causing diminishing returns in water savings 
(Fig. 4.2 a, b). The model prediction that the operating point shifts onto the plateau of the A-ci 
response as atmospheric [CO2] increases, is consistent with observed data from published literature 
in Z. mays (Fig. 4.1,Table 4.1). 
Sensitivity simulations under light saturated conditions show that without causing any significant 
loss in photosynthesis, the slope factor (SF) of the Ball-Berry model of stomatal conductance (Ball 
et al., 1987) can be reduced by 20%, resulting in a 16% drop in stomatal conductance, with a 15% 
decrease in transpiration, corresponding to a 17% gain in WUE, under current [CO2] of 400 ppm 
(Fig. 4.3). At the [CO2] of 550 ppm, SF could be reduced by 40%, resulting in a 30% drop in 
stomatal conductance, corresponding to a 28% decrease in transpiration, and an increase in WUE 
by 38% (Fig. 4.3). 
Decreasing SF increases leaf temperatures by altering the leaf energy balance due to lower latent heat 
cooling (Fig. 4.3 e, f). Higher leaf temperatures increase vapor pressure deficit which can 
indirectly increase transpiration, and depending on the relationship between the air temperature and 
the temperature optimum for photosynthesis, affect photosynthesis. These secondary feedbacks 
are included in the model simulations through energy balance formulations, and by incorporating 
temperature response functions for photosynthetic enzymes. Model simulations under a range of air 
temperatures (25, 30 and 35 ◦C), and CO2 concentrations (pre-historic at 220 ppm, current at 400 
ppm and mid-century at 550 ppm), show that including the effect of increased leaf temperature 
through energy balance feedback increases  leaf  temperature  by  less  than  1 ◦C,  and  transpiration  by  
less  than  3% (Fig. 4.4).  However, this decreases WUE by up to 4%. This is in contrast to the near 
17-38% gains in WUE, and 15-30% reduction in transpiration due to the direct effect of stomatal 
closure (Fig. 4.4). 
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The response of C4 photosynthesis to PAR at present [CO2] of 400 ppm, follows  a hyperbolic 
trajectory with diminishing gains in photosynthesis under high light (Fig. 4.5a). The model results 
are consistent with observed field data (Leakey et al., 2006) (Fig. 4.5a). Decreasing SF by 20% 
improves WUE under all light levels without loss in photosynthesis (Fig. 4.5 a, c). At lower light 
levels, photosynthesis remains unaffected, while WUE increases even at a 40% decrease in 
stomatal conductance. Under present [CO2], over a range of light levels from dark to full sun 
conditions, a 40% reduction in SF causes a less than 4% reduction in photosynthesis with greater 
than 30% and 38% gain in transpiration and water use efficiency respectively (Fig. 4.6 a, b, c). At 
550 ppm [CO2], over a range of light levels from dark to full sun, a 60% decrease in SF, 
corresponding to a less than 5% loss in photosynthesis, results in up to 40% and 61% gain in 
transpiration and WUE respectively (Fig. 4.6d, e, f). 
Scaling the water savings at the leaf level to the canopy will be influenced by within canopy and 
within day variation in light distribution and by CO2, humidity, temperature and light gradients, as 
well as vertical variation in photosynthetic capacity. When these factors are integrated into the 
combined biophysical and biochemical PlantGro canopy model, the results continue to predict 
large savings in water at the crop canopy level (Fig. 4.7). Even though the leaves lower in the 
canopy show a smaller gain in WUE, when integrated into the whole canopy, over the course of a 
24 hour period, a 40% reduction in SF results in a 30% drop in crops water use, corresponding to a 
38% gain in crop WUE, for a 2% reduction in canopy assimilation, under present [CO2] of 400 
ppm, while a 60% reduction in SF results in a 40% drop in crop water use corresponding to a 62% 




In terms of grain and seed production, maize is the world’s number one crop. Breeding, 
bioengineering, and agronomy have resulted in a steady increase in yields, with associated 
increases in crop water use (Lobell et al., 2014; Ort and Long, 2014). However, with global 
climate change induced increased temperature and VPD, the trends in yield improvements continue 
without also improving crop WUE (Lobell et al., 2013, 2014). This study demonstrates a novel 
method to improve WUE (a compromise between carbon gain and water loss) in maize. As in 
Chapter 1, our analysis shows that the operating point of maize leaves, which exhibit a biphasic 
C4 photosynthetic response to [CO2], was not ci-saturated under pre-historic [CO2] of 220 ppm, 
where CCM was an effective strategy for improving WUE (Fig. 4.1, 2). However, within a 
relatively short geological time, [CO2] concentrations have nearly doubled to 400 [ppm] today, and 
plants have not been able to fully evolve and adapt to this environmental change.  
At present [CO2], the operating point of photosynthesis has transitioned away from the optimal 
inflection point, and into the plateau phase of the curve, a trend amplified at elevated [CO2] (Fig. 
4.2a). This paper demonstrates through statistical analysis from past measured data and model 
simulations using a detailed biophysical C4 canopy model PlantGro, that significant savings in 
crop water use can be achieved with minimal compromise on photosynthetic carbon gain by 
reducing stomatal conductance, until intercellular [CO2] is decreased up to the inflexion point in 
the A-ci curve. This would achieve substantial gains in WUE and provide much-needed relief to 
crop fields under increasing water stress. 
Healthy mature stands of modern crop cultivars can have up to 70% their canopy leaves in shade 
(Srinivasan et al., 2016), with the shaded leaves contributing as much as 50% of the total canopy 
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crop assimilation (Long, 1993; Pignon et al., 2017). Model simulations illustrate that at light 
limiting levels, greater reductions in stomatal conductance can be enforced to decrease 
transpiration while keeping photosynthesis largely unaffected (Fig. 4.6). The secondary effect of 
higher leaf temperature and VPD induced transpiration increases as a result of diminished latent 
heat cooling are minor compared to the direct water savings from stomatal reduction (Fig. 4.4). 
Considering that fact that the optimal temperature for photosynthesis in  maize  is  around  38 ◦C  
(Long  and  Spence,  2013),  reduction  in  stomatal  conductance  has the potential to enhance 
photosynthesis through temperature feedback over much of the US mid-west.  
Integrating the leaf savings at the canopy level shows that, by optimizing the crop system through 
reductions in stomatal conductance, a 30-40% savings in the water cost of growing maize and 
similar C4 crops can be achieved (Fig. 4.7). This would decrease the requirement for irrigation 
and allow production to continue increasing which is critical for future water and food security. For 
example, for a 2% loss in crop productivity, a water savings of 38% can be achieved in the maize 
crop. With 39 million hectares under maize cultivation in the US, and an annual water use of 500 
mm (Hamilton et al., 2015), reducing stomatal conductance could potentially result in an annual 
water savings of 74,000 billion liters. 
Lengthy crop improvement processes require that strategies for the improvement of C4 water-use 
efficiency be researched, developed and implemented immediately (Kromdijk and Long, 2016). 
While traditional breeding has struggled to modify stomatal conductance (Jones, 1987), advances 
in genetic engineering have made available numerous tools to perform precise modifications in plant 
traits and overcome prior limitations (Bortesi and Fischer, 2015; Frame et al., 2011). These tools, 
in tandem with a detailed understanding of stomata-related genes and pathways, may provide the 
opportunity to manipulate stomatal behavior in ways that were previously impossible (Lawson 
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and Blatt, 2014; Lawson et al., 2011). Stomatal development and regulation are extremely well 
characterized in the model plant Arabidropsis thaliana (L.) Heynh (Assmann and Jegla, 2016; 
Chater et al., 2017; Pillitteri and Torii, 2012), and transgenics with altered stomatal conductance 
have been successfully generated using genetic engineering techniques (Doheny-Adams et al., 
2012; Tanaka et al., 2013). 
The major C4 crops, maize (Zea mays L.) sorghum (Sorghum bicolor (L.) Moench) and 
sugarcane (Saccharum officinarum L.) are all grasses of the tribe Andropogonae, and share many 
commonalities in stomatal development with A. thaliana (Hepworth et al., 2018; Serna, 2011). 
Orthologs of key A. thaliana stomatal development genes with highly conserved function have 
been found in the grasses Brachypodium distachyon (L.) P. Beauv., rice (Oryza sativa L.), and Z. mays. (Liu et al., 
2009; Raissig et al., 2016). These provide excellent targets for initial efforts to engineer much-




Table and Figures 
Table 4.1: Summary of statistical analysis of A-ci curves on Z. mays from published literature. Values in the table show the average difference (∆) in ci and 
in Aoperating/Vmax, when comparing plants grown at ambient [CO2] to plants grown either under sub-ambient or elevated [CO2]. p-values are for the effect 
of growth [CO2] on either of these parameters. 
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Figure 4.1: Summary of A-ci response curves for Z. mays from published literature. (a) A-ci curves for Z. mays grown at pre-historic (red), ambient 
(blue), and elevated (green) atmospheric [CO2]. Superimposed are stomatal supply functions representing the average and 80% confidence intervals 
for the operating level of ci. (b) Operating levels of ci, and (c) ratio of the operating level of photosynthetic CO2 uptake (Aoperating) to the ci-
saturated rate of CO2 assimilation (Vmax) as a function of growth [CO2]. Data points represent mean per study, cultivar and treatment. Lines are a best-
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Figure 4.2: Model simulated CO2 response curves for net CO2 assimilation (a), transpiration (b), and WUE (c) for a C4 leaf under ambient CO2 
(400 ppm, solid lines) and elevated CO2 (550 ppm, dashed lines) concentrations. The colored lines indicate CO2 supply function corresponding to 
the stomatal limitation under the following atmospheric CO2 concentrations: pre-historic (year 1800, red lines, 220 ppm), current (year 2010, blue 
lines, 400 ppm) and future (year 2050,  green  lines, 550  ppm). Air temperature was set at 30 °C and PAR at 1750 µmol m−2 s−1. Circles 
represent measured values under ambient (filled) and elevated (open) CO2 concentrations (Leakey et al., 2006). Model parameters are presented 
in Table DI, with Vc, max@25 °C = 65 and 55 µmol m−2 s−1, Vp, max@25 °C = 110 and 100 µmol m−2 s−1 under ambient and elevated CO2 


















Figure 4.3: Model simulated sensitivity of CO2 response curves to the Ball-Berry slope parameter for net assimilation (a), transpiration (b), and 
WUE (c), stomatal conductance to water vapor (d), Bowen ratio (e), and leaf temperature (f) for a C4 leaf. The colored lines indicate CO2 supply 
function corresponding to the stomatal limitation under the following atmospheric CO2 concentrations: pre-historic (year 1800, red lines, 220 
ppm), current (year 2010, blue lines, 400 ppm) and future (year 2050,  green  lines, 550  ppm). Air temperature was set at 30 °C and PAR at 1750 
µmol m−2 s−1. Model parameters are presented in Table DI, with Vc, max@25 °C = 65 and 55 µmol m−2 s−1, Vp, max@25 °C = 110 and 100 µmol 


















Figure 4.4: Model simulated effect of stomatal conductance reduction on leaf energy balance for leaf temperature (a), transpiration (b) and WUE (c), 
for control Ball-Berry slope (solid colors), and 20% decreased Ball-Berry slope (translucent colors) under different ambient CO2 concentrations and 
ambient air temperatures. ∆ denotes the difference between the values with and without leaf energy balance formulation. For the simulations without 
leaf energy balance formulation, leaf temperature was forced to be equal to air temperature. PAR was set at 1750 µmol m-2 s-1.  Model parameters 
are presented in Table DI, with Vc, max@25 °C = 65 and 55 µmol m−2 s−1, Vp, max@25 °C = 110 and 100 µmol m−2 s−1 under ambient and 



















Figure 4.5: Model simulated sensitivity of light response curves to the Ball-Berry slope parameter for net assimilation (a), transpiration (b), WUE (c), 
stomatal conductance to water vapor (d), Bowen ratio (e), and leaf temperature (f) for a C4 leaf. Circles represent measured values under ambient 
(filled) and elevated (open) CO2 concentrations (Leakey et al., 2006). Air temperature was set at 30 °C and PAR at 1750 µmol m−2 s−1. Model 
parameters are presented in Table DI, with Vc, max@25 °C = 65 and 55 µmol m−2 s−1, Vp, max@25 °C = 110 and 100 µmol m−2 s−1 under 
ambient and elevated CO2 conditions respectively, and Jmax@25 °C = 350 µmol m−2 s−1 under both CO2 concentrations. No significant 


















Figure 4.6: Model simulated state space plot of relative change in net assimilation as a function of relative change in stomatal conductance to water vapor 
(a, and d), transpiration (b, and e), and WUE (c, and f) under different light conditions (colors) and % reductions in Ball-Berry slope parameter (symbols). 


















Figure 4.7: Variation of net CO2 assimilation (a and b), transpiration (c and d), and WUE (e and f) resulting from changes in the Ball-Berry slope 
factor for leaves under ambient ([CO2]=400 ppm) (a, b, c) and elevated ([CO2]=550 ppm) (d, e, f) levels of atmospheric [CO2], and positioned at 
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Chapter 5: Reverse genetic study of SPEECHLESS homolog in Sorghum bicolor  
Abstract 
Water is an essential limiting factor to agriculture, and this will be exacerbated by 21st century 
population growth and climate change. As crop above-ground biomass and atmospheric 
temperature increase, there is both an increased demand for water supply to the plant, and 
evaporative potential. In C4 plants, the continuing elevation of atmospheric [CO2] provides the 
opportunity to reduce stomatal conductance to water vapor (gs) in order to limit transpiration, 
without severely affecting photosynthetic CO2 uptake. Here we attempt to advance our 
understanding of the role of genes controlling stomatal number in the C4 crop Sorghum bicolor, 
by down-regulating expression of the key gene SPEECHLESS (SPCH), required for stomatal 
development in Arabidopsis thaliana and grasses such as Oryza sativa. Improved understanding 
of the molecular genetics of stomatal patterning in C4 grasses, would enable targeted 
improvement to gs and water-use efficiency. Despite evidence that the SPCH RNA hairpin 
construct was successfully transferred to S. bicolor plants in two separate events, there was no 
indication of modified phenotype when plants were examined using thermal imaging, gas-
exchange, or microscopy analysis of leaf surfaces. 
Abbreviations 
A: Net leaf rate of photosynthetic CO2 assimilation (µmol m-2 s-1) 
Asat: Light-saturated A (µmol m-2 s-1) 
ci: Intercellular [CO2] (ppm) 
GC W: Guard cell width (µm) 
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gs: Stomatal conductance to water vapor  (mol m-2 s-1) 
gs sat: Light-saturated gs (mol m-2 s-1) 
IG: index that in theory is linearly related to gs (dimensionless) 
IGΣ shade: area beneath the IG response curve following from t=0 to t=60 minutes (dimensionless) 
IGlight: high-light-acclimated value of IG (dimensionless) 
IGshade: shade-acclimated value of IG (dimensionless) 
IGinitial min: minimum of IG reached immediately after t=0 (dimensionless) 
IGoscillation max: the maximum of IG reached during stomatal re-opening in the shade 
(dimensionless) 
iWUE: intrinsic water-use efficiency, where iWUE=Asat/gs sat (µmol mol-1) 
SCW: Subsidiary cell width (µm) 
SD: Stomatal density (stomata mm-2) 
SL: Length of the stomatal complex (µm) 
Tdry: Dry reference temperature (°C) 
Tleaf: Leaf temperature (°C) 
Twet: Wet reference temperature (°C) 
Vinitial: initial rate of decline in IG after t=0 (dimensionless) 
Vmax: CO2-saturated A (µmol m-2 s-1) 
Voscillation: rate of increase of IG in the shade (dimensionless) 
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Vpmax: Maximum apparent rate of PEPc carboxylation (µmol m-2 s-1) 
Xinitial min: time at which IG reached 110% of IGinitial min (minutes) 
Introduction 
Climate change and population growth are placing increasing strain on food security (Tilman and 
Clark, 2015). In particular, fresh water is a vital resource to cropping systems, and agriculture 
accounts for the majority of fresh water usage (UNESCO, 2001; WWAP, 2015). Most crops are 
rainfed, making them particularly vulnerable to shifting precipitation patterns caused by climate 
change (Lobell et al., 2008; Schmidhuber and Tubiello, 2007). This has been evidenced in recent 
years by lengthy and severe drought periods, which put vulnerable populations at risk of famine 
and civil unrest, raise global food prices, and hamper the economic opportunities of developing, 
agriculture-oriented countries (FAO et al., 2017; McNutt, 2014; Poff et al., 2003; von Uexkull et 
al., 2016; Zhao and Running, 2010). 
In face of this worsening crisis, it is vital that adaptive solutions are sought immediately given 
that years will be required for their large scale implementation across farms globally.  Central to 
this process is the development of crops with lower water requirements. However, in recent years 
traditional methods of crop improvement have shown diminishing returns (Long et al., 2015), 
and the time required to breed improved varieties makes it difficult to respond to the rapidly 
changing climate (Kromdijk and Long, 2016). Half a decade of yield improvement in major 
crops such as maize and rice, have been accompanied by a corresponding increase in crop water 
consumption (Ort and Long, 2014), in part because it has been difficult to breed plants for 
improved water-use efficiency (Jones, 1987). As a result the US maize crop, while exceptionally 
productive, is now extremely sensitive to drought (Lobell et al., 2014). Relying on traditional 
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methods will not be enough to address this crisis, and it is vital that new, innovative solutions be 
developed. 
The past two decades have seen unprecedented advances in our understanding of plant 
physiology and our ability to engineer complex genetic traits: the convergence of these 
developments has enabled remarkable progress in crop improvement (Bortesi and Fischer, 2015; 
Septiningsih et al., 2009; Ye et al., 2000). 
One specific opportunity appears to have arisen as a consequence of the rapid increase in 
atmospheric [CO2], which may enable an improvement of the tradeoff between photosynthetic 
CO2 assimilation (A) and water loss through transpiration. This tradeoff is largely regulated by 
specialized cell complexes called stomata, with 98% of leaf water and CO2 fluxes passing 
through stomata (Lambers et al., 2008; Lawson et al., 2011). Most plants use C3 photosynthesis, 
in which the primary carboxylation enzyme Rubisco is supplied with CO2 by passive diffusion 
through the stomata and cell membranes; in these plants elevated atmospheric CO2 therefore 
boosts photosynthesis by increasing [CO2] at Rubisco (Ainsworth and Long, 2005; Bernacchi et 
al., 2005; Leakey et al., 2009; Long et al., 2004). However, C4 crops such as maize, sugarcane 
and sorghum, rely on a biochemical carbon-concentrating mechanism (CCM), which enables 
high levels of A even at low levels of inter-cellular [CO2] (ci) and, critically, at low levels of 
stomatal conductance to water vapor (gs) (Hatch, 1987; von Caemmerer, 2000; von Caemmerer 
and Furbank, 2003). Because of this CCM, increased atmospheric [CO2] confers little advantage 
to C4 photosynthesis directly, but it does provide the opportunity for C4 plants to reduce gs, 
reducing transpiration while still maintaining sufficiently high ci to allow saturation of Rubisco 
carboxylation sites and inhibition of oxygenation within the bundle sheath (Leakey et al., 2004; 
Long et al., 2006). Have C4 crops reduced gs to optimize the balance between photosynthetic 
117 
 
carbon gain and water loss, or intrinsic water-use efficiency (iWUE, where iWUE=A/gs) (see 
Chapter 4)? 
The advantages conferred by the C4 CCM are evident in the bi-phasic response of A to ci in C4 
leaves, characterized by a steep increase in A at low (<50) ci, followed by a sharp inflexion to a 
ci-insensitive plateau (Leakey et al., 2006; Long and Bernacchi, 2003). Once ci is high enough 
for A to operate on the plateau, any additional increase of ci through increased gs, will provide 
negligible benefit to A, but carry a penalty in water loss through transpiration. In a field stand of 
the C4 crop maize, it was found that A operates on this plateau during most of the day (Leakey et 
al., 2006). Worse, when grown in the field under open-air elevated CO2 in a FACE experiment, 
the operating point shifted even further onto this plateau (Leakey et al., 2006). This demonstrates 
that a significant opportunity to reduce gs and improve iWUE, is not being seized upon by this 
essential crop. As seen in Chapters 1 & 4, the lack of a significant response at elevated [CO2] 
suggests that C4 plants may be unable to adapt quickly enough to match the rapid increase in 
atmospheric [CO2] that began during the industrial revolution and is expected to worsen 
throughout the 21st century (IPCC, 2014). 
An intuitive means to overcome this inefficiency would be to reduce gs by engineering leaves to 
produce fewer stomata (Franks et al., 2015; Hughes et al., 2017; Lawson et al., 2011; Weyers 
and Lawson, 1997). Stomatal development and regulation are extremely well characterized in the 
model plant Arabidopsis thaliana (L.) Heynh (Assmann and Jegla, 2016; Bergmann and Sack, 
2007; Chater et al., 2017; Pillitteri and Dong, 2013; Pillitteri and Torii, 2012), and already 
mutants and transgenics with altered gs have been produced (Bussis et al., 2006; Doheny-Adams 
et al., 2012; Franks et al., 2015; Hepworth et al., 2018; Tanaka et al., 2013; Yoo et al., 2010).  
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The major C4 crops, maize (Z. mays L.) sorghum (Sorghum bicolor (L.) Moench) and sugarcane 
(Saccharum officinarum L.) are all grasses of the tribe Andropogonae, yet share many 
commonalities in stomatal development with A. thaliana (Hepworth et al., 2018; Serna, 2011). 
Orthologs of key A. thaliana stomatal development genes with highly conserved function have 
been found in the grasses Brachypodium distachyon (L.) P. Beauv. (Raissig et al., 2016), barley 
(Hordeum vulgare L.) (Hughes et al., 2017), rice (Oryza sativa L.), and maize. (Liu et al., 2009). 
These genes provide excellent targets for initial efforts to engineer much-needed improvements 
to iWUE in key C4 crops, and in fact several have already been used to modify stomatal 
patterning in grass crops such as barley (Hughes et al., 2017) and rice (Yin et al., 2017).  
Stomatal development in grasses can be described by several distinct stages (Hepworth et al., 
2018): 1) Cells proliferate in parallel files. 2) Within a file, alternating cells undergo an 
asymmetric entry division, leading to a small guard mother cell and a larger sister cell. 3) Cells 
from files on either side of the guard mother cell undergo their own asymmetric division to 
produce a subsidiary mother cell. 4) Subsidiary mother cells on either side of the guard mother 
cell increase in size to form a pair of subsidiary cells which flank the guard mother cell. 5) A 
final symmetric division of the guard mother cell produces two immature guard cells. 6) The 
stomatal complex (i.e. each pair of guard and subsidiary cells) matures and expands, forming a 
pair of dumbbell-shaped guard cells which ultimately separate their adjacent cell walls to form 
the stomatal pore.  
This process has key similarities and dissimilarities with stomatal development in dicots (Serna, 
2011). In both cases, development of the guard cells requires several asymmetric and symmetric 
divisions of precursor cells; however in grasses the establishment of cells organized into parallel 
files, and the development of subsidiary cells, is unique (Bergmann and Sack, 2007; Hepworth et 
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al., 2018; Kramer and Boyer, 1995; Lawson and Blatt, 2014; Pillitteri and Dong, 2013; Pillitteri 
and Torii, 2012). 
In A. thaliana, the SPEECHLESS gene (SPCH) is involved in the first stage of asymmetric 
division of stomatal precursor cells (Pillitteri et al., 2007; Pillitteri and Torii, 2012). Therefore 
reduced expression of this gene should result in fewer protodermal cells becoming stomata, 
resulting in an epidermis composed of fewer, but normally formed, stomata. By comparison, 
mutation of  genes which act in the later stages of stomatal development (e.g. FAMA, EPF1) can 
result in the generation of leaves with partly formed stomata, which would of course be 
problematic to normal function (Hughes et al., 2017; Pillitteri and Dong, 2013). Mutants of 
SPCH-like genes in rice have resulted in reduced stomatal density with only minor occurrence of 
malformed stomata, suggesting this could be a target gene to modulate stomatal patterning in 
other grasses such as S. bicolor (Liu et al., 2009).  
The C4 crop, Sorghum bicolor (L.) Moench, is a staple food crop in developing countries, and is 
a candidate crop for lignocellulosic biofuel production in the US (Bennett et al., 1990; Casa et 
al., 2008; Morris et al., 2013). This crop was selected to test the hypothesis that iWUE could be 
improved through targeted genetic engineering to reduce leaf stomatal density and gs. 
In this chapter, an effort to achieve the potentially greater iWUE potential of C4 plants under 
current and future atmospheres by reducing gs in the C4 crop S. bicolor is described, specifically 
through genetic manipulation of a homolog to the A. thaliana SPCH gene. Measurements were 
also performed to determine whether genetic manipulations of stomata resulted in modified 
stomatal shape or size, or affected the kinetics of stomatal movement. 
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Materials and methods 
Cloning procedures 
The sequence for OsSPCH2 in O. sativa was identified in Phytozome (Goodstein et al., 2012; 
Lamesch et al., 2012) using the transcript name Os02g15760 (Liu et al., 2009); this is one of two 
homologs of the SPCH gene in A. thaliana, which appears to show similar function (Liu et al., 
2009; Pillitteri and Dong, 2013). The other homolog, OsSPCH1, does not appear to affect 
stomatal development in rice (Liu et al., 2009). BLAST was used to identify a sequence in S. 
bicolor that was homologous to OsSPCH2 (DOE-JGI). Two highly homologous sequences were 
found on chromosomes 4 & 10. Only the sequence with the highest homology to OsSPCH2, i.e. 
on chromosome 10, was targeted. This was in case that in S. bicolor, as in O. sativa, the other 
gene homolog might not be involved in stomatal development, but could affect other essential 
plant functions (Liu et al., 2009). 
 A 300 bp sequence with high homology to the 5'UTR of the SPCH-like gene was identified, and 
used to design an RNA hairpin to knock down expression levels of the gene (Fig. E1) (Helliwell 
and Waterhouse, 2005; Miki and Shimamoto, 2004). Sense and antisense sequences, along with 
a CAMV 35S promoter, At FTSZ 1 intron and CAMV 35S terminator, were generated by IDT 
(Integrated DNA Technologies, Coralville, IA, USA).  
Restriction sites and 4 base-pair regions of homology were designed according to common 
syntax in plant synthetic biology (Patron et al., 2015). Constructs were assembled following the 
Golden Gate cloning protocol, then subcloned into a binary vector EC50505 (Engler et al., 2009; 
Engler et al., 2014). The construct was subsequently cloned into vector pPZP211, containing the 
marker gene NPTII (Fig. E1) (Hajdukiewicz et al., 1994) to facilitate stable transformation into 
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Agrobacterium. Vectors were transformed into Agrobacterium tumefaciens NTL4/pTiPKPSF2 
(Palanichelvam et al., 2000) by triparental mating using Helper plasmid pRK2013 (Phadnis and 
Das, 1987), then transformed into S. bicolor var. Tx430 (Miller, 1984) following the protocol by 
(Guo et al., 2015). Transformed lines were selected based on kanamycin resistance, and ELISA 
was used to verify gene insertion via the NPTII marker protein (NPT II ELISA Kit, Agdia, inc., 
Elkhart, IN, USA). ELISA testing was used again on mature T1 plants to verify gene insertion 
(NPT II ELISA Kit, Agdia, inc.).  
Plant material and growing conditions 
Two independent events were obtained at the T1 stage, and grown for phenotyping. 12, 11 and 
14 plants of Tx430 (control), event 1 and event 2, respectively, were grown from seed in 18-
plant flats (3 x 6 sets of 281 mL inserts) containing a peat/bark/perlite- based growing medium 
(Metro-Mix 900; Sun Gro Horticulture, Agawam, MA, USA) and supplemented with 1 mL of 
slow release 13-13-13 fertilizer (Osmocote Classic, Everris NA, Inc., Dublin, OH, USA), with all 
pots watered daily to field capacity. Plants were grown in a temperature-controlled greenhouse 
maintained at 27 °C daytime/25 °C nighttime temperature, with supplemental lighting to ensure a 
minimum light intensity of 90 W m-2 during a 13 h day.  
Once the fourth leaf had fully emerged and expanded, as evidenced by ligule emergence, plants 
were transferred to a controlled-environment growth cabinet for two days, in order to perform 
measurements with thermal imaging (described below) (Model PCG20, Conviron, Winnipeg, 
MB R3H 0R9, Canada). The cabinets maintained a 14 h /10 h day/night cycle under 1200 μmol 
photons m–2 s-1, 30 °C daytime/25 °C nighttime temperature, and relative humidity of 75%. 
Plants were then returned to the greenhouse, and transplanted to 8-L pots with identical potting 
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mixture, and fertilization rate. Plants were grown for an additional three weeks, then gas-
exchange measurements were performed within the greenhouse (described below). 
Experimental conditions and temperature measurement 
For the growth chamber stage of the experiment, measurements were performed using thermal 
imaging to determine the dynamic behavior of stomata following a change in light intensity (Q). 
The fourth fully expanded leaf of each plant of an 18-plant set was selected for measurement, 
and laid flat across a custom-built rack in order to standardize leaf angle and incident light 
interception (Grant et al., 2006). This presented a 4 cm length of leaf for measurement. "Dry" 
and "wet" reference materials (Guilioni et al., 2008) were prepared as in (McAusland et al., 
2013). A thin coating of petroleum jelly was applied over ca. 1 cm width of both sides of each 
leaf; these were used as dry reference surfaces. Two pieces of wet filter paper were used as wet 
reference surfaces in each measurement, and kept moist by a reservoir of water.  
After leaves and references were prepared, each set of 18 plants was transferred to a second 
growth cabinet for measurement: here temperature and humidity were the same, but light was 
provided by a 20 x 20 cm LED panel providing an equal-parts mixture of blue, red and green 
light, such that incident photon flux at the leaf level was ca. Q=750 µmol m-2 s-1 (LED Light 
Source SL 3500, Photon Systems Instruments, Brno, Czech Republic). An infrared camera 
(Thermo Gear Model G100, Nippon Avionics CO., Ltd., Tokyo, Japan) was placed ca. 0.5 m 
away from the leaves, and inclined to keep the lens as close as possible to parallel with the leaf 
surfaces without obstructing the light source. 
Once plants were placed inside of the chamber, thermal images were recorded every 6 s with an 
emissivity assumed to be 0.95 for leaf surfaces (Jones et al., 2002), and the cabinet door was 
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closed. Because the cabinet needed some time to re-adjust air temperature, the first 30 minutes of 
measurements were not used. The LED output was controlled (LC 100, Photon Systems 
Instruments) to give incident photon flux maintained at initial levels (Q=750 µmol m-2 s-1) for 40 
minutes, and then at t=0 reduced by 90% for an additional 60 minutes of "shade".  
Image analysis and stomatal conductance estimation 
Thermal images analysis was performed in ImageJ  (Schneider et al., 2012). Sections of leaf and 
reference materials of each image were hand-delineated to derive profiles of temperature vs. 
experimental time. Leaf and reference temperatures were used to calculate the index IG:  
𝐼𝐼𝐼𝐼 = (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑇𝑇𝑙𝑙𝑙𝑙𝑑𝑑𝑙𝑙)/(𝑇𝑇𝑙𝑙𝑙𝑙𝑑𝑑𝑙𝑙 − 𝑇𝑇𝑤𝑤𝑙𝑙𝑤𝑤) 
Where Tleaf, Tdry and Twet are the surface temperatures of the leaf, dry and wet reference surfaces, 
respectively. IG is theoretically proportional to gs given constant environmental conditions 
(Grant et al., 2006; Guilioni et al., 2008; Jones, 1999; Jones et al., 2002; McAusland et al., 
2013).  
Analysis of IG profiles 
Several parameters were derived from IG measurements: IGlight and IGshade were estimates of 
steady-state IG acclimated to Q=750 and 75 μmol m-2 s-1, respectively, and were calculated as 
the mean value of IG from t=-5 to 0, and from t=52 to 60 minutes, respectively. IGΣ shade was 
calculated as the area beneath the curve from t=0 to 60 minutes. IGinitial min was the minimum of 
IG reached immediately after t=0. IGoscillation max was the maximum of IG reached as stomata re-
opened in the shade. Xinitial min was the time at which IG reached 110% of IGinitial min.  
Vinitial was determined by non-linear regression (PROC NLIN, SAS v8.02; SAS Institute, Cary, 
NC, USA) as the exponential rate of decay of IG vs. time from t= -0.1 minutes to t= Xinitial min: 
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𝐼𝐼𝐼𝐼 = 𝑎𝑎 + 𝑐𝑐 ∗ 𝑒𝑒(−𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖𝑑𝑑𝑙𝑙∗time) 
Where c and a give estimates of IG at t= -0.1 minutes and t= Xinitial min, respectively. Vinitial gives 
the rate of decay in IG following the drop in incident photon flux. Voscillation was determined by 
linear regression (PROC GLM, SAS Institute) as the linear slope of IG vs. time, i.e. the rate of 
increase in IG during the phase of stomatal reopening in the shade. 
Gas-exchange measurements 
When plants were 5 weeks old, additional gas-exchange measurements were performed on plants 
in the greenhouse. The youngest fully expanded leaf, as evidenced by ligule emergence, was 
placed in the cuvette of a portable open path gas-exchange system incorporating infra-red CO2 
and water vapor analyzers (LI-COR 6400; LI-COR, Inc., Lincoln, NE USA). Incident photon 
flux was set to 2000 μmol m-2 s-1, block temperature to 30 °C, [CO2] to 400 μmol mol-1 and leaf-
to-air water vapor pressure deficit maintained at <2.5 kPa. Light was provided by the integrated 
red (635 nm wavelength) and blue (465 nm wavelength) light-emitting diodes (LED) such that 
10% of the light was blue, and the remainder red. Once the net rate of leaf CO2 uptake (A) 
reached a steady state, measurements began: A-ci curves were measured by progressively 
decreasing [CO2] (400, 350, 300, 250, 200, 150, 100, 60, and 0 ppm). Gas-exchange data were 
recorded as soon as A reached steady-state at each level of [CO2], and A, gs, and ci were 
calculated following (von Caemmerer and Farquhar, 1981). Once measurements were 
completed, leaf tissue was sampled from the measurement area and immediately placed in liquid 
N2; this was for stomatal density and size measurements. 
A-ci curves were fit to a nonrectangular hyperbolic function as in (Leakey et al., 2006), and CO2-
saturated rate of photosynthesis (Vmax) was determined as the predicted value of each function for 
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ci =2000 ppm. The response of A to ci at ci <50 ppm was used to solve for maximum apparent 
rate of PEPc carboxylation (Vpmax) as the predicted value for ci=2000 μmol m-2 s-1 (von 
Caemmerer, 2000). This used temperature-dependent estimates of the Michaelis-Menten 
constant of PEPc for [CO2] (Kp) based on the C4 Setaria viridis (Boyd et al., 2015). All 
measurements were taken under saturating photon flux (Q=2000 μmol m-2 s-1), therefore the net 
light-saturated rate of photosynthetic CO2 uptake (Asat) and light-saturated stomatal conductance 
to water vapor (gs sat) were measured as A and gs, respectively, for points measured at [CO2] = 
400 μmol m-2 s-1. iWUE was calculated as Asat/gs sat. Stomatal limitation to photosynthesis (l) was 
calculated as in (Farquhar and Sharkey, 1982). All curve fitting was performed using non-linear 
regression (PROC NLIN, SAS Institute).  
Stomatal phenotyping 
Sections of leaf tissue were mounted on a glass slide and imaged with an optical topometer as in 
(Haus et al., 2015) (µsurf Explorer, Nanofocus, Karlsruhe, Germany). Abaxial surface images 
were acquired through a 20x air objective (20x M Plan APO, Olympus Corporation, Tokyo, 
Japan) and a 50x air objective (50x UM Plan FL N, Olympus Corporation). Serial optical 
sections were measured throughout the z-axis up to a depth of ca. 40 µm at 20x, and 20 µm at 
50x; these images were then stitched into a 3D reconstruction of the leaf and stomata surfaces 
(µsurf Metrology, Nanofocus). One image per leaf was taken at 50x; at 20x four images were 
measured at different leaf positions. 20x images were used to measure stomatal density (SD), and 
50x images used to measure the characteristics of four individual stomatal complexes: length of 




Physiological measurements of NPTII-positive T1 plants were compared to NPTII-negative T1 
plants and to n=12 wild-type TX-430 plants. ELISA testing determined that the number of 
replicate plants was n=2 NPTII-negative from event 1, n=9 NPTII-positive from event 1, n=8 
NPTII-negative from event 2, n=6 NPTII-positive from event 2. Because there were only two 
replicate plants that were NPTII-negative for event 1, NPTII-negative plants from both events 
were combined into a single group (negative control). This led to four groups: WT, Negative 
control, Event 1, and Event 2. 
In order to identify whether transformed plants had modified stomatal patterning, dynamic 
stomatal behavior, and/or gas-exchange, a one-way ANOVA was performed (PROC GLM, SAS 
Institute), testing the fixed effects of "group" on all of the measured parameters: Asat, gs sat, Vmax, 
Vpmax, l, SD, GCL, SCW, GCW, IGlight, IGshade, IGΣ shade, IGinitial min, IGoscillation max, Xinitial min, Vinitial, 
and Voscillation. 
For stomatal anatomy parameters, there were four sub-samples per leaf, i.e. four leaf areas per 
leaf measurement of SD, and four stomata per leaf measurement of SL, SCW and GCW. Therefore 
a random effect for leaf sub-sample was also included in the model for these measures (PROC 
MIXED, SAS Institute). Because "WT" and "Negative control" were both valid controls, 
difference between each event with each control was ascertained based on Tukey-Kramer-
adjusted p-values, i.e. p-values adjusted for multiple comparisons. Significance was declared at 
p<0.05 threshold.  Homogeneity of variances was tested by Levene and normality of residuals 
tested by Shapiro-Wilke (PROC UNIVARIATE, SAS Institute) at p=0.01 threshold. Graphical 




There was no indication that gene insertion affected stomatal development (Table 5.1). In mature 
leaves, SD was ca. 120 stomata mm-2, SL ca. 44 µm, SCW ca. 9 µm, and GCW ca. 5 µm for all 
plant groups (Fig. 5.1). There was also no evidence of gene insertion affecting in vivo gas-
exchange measurements of these same leaves: Asat was ca. 35 µmol m-2 s-1, gs sat ca. 0.24 mol m-2 
s-1, and iWUE ca. 155 µmol mol -1 for all plant groups (Fig. 5.2 a, b, f). Vmax and Vpmax were ca. 
41 and 105 µmol m-2 s-1, respectively, for all plant groups (Fig. 5.2 c, d). In accordance with 
Vmax, Vpmax and gs sat being similar between plant groups, there was also no significant difference 
in l (Fig. 5.2 e, Fig. 5.3). l was less than 0.1 on average in both event and control groups. 
Finally, there was no evidence that gene insertion affected the dynamic behavior of stomatal 
conductance in younger leaves (Fig. 5.4, Fig. 5.5). All of the parameters examined in response 
curves of IG following a change in Q, i.e. IGlight, IGshade, IGΣ shade, IGinitial min, IGoscillation max, Xinitial 
min, Vinitial, and Voscillation, were similar between plant groups (Table 5.1).  
Discussion 
We found no evidence that insertion of an RNA hairpin, designed to knock down expression of 
the gene SPCH, resulted in any tangible effect on stomata or leaf physiology (Table 5.1). There 
was no effect on in vivo phenotype of plants after 2 or 5 weeks of growth (Fig. 5.2, 3, 4, 5), or 
the leaf stomatal patterning or stomatal morphology of mature leaves (Fig. 5.1). All plants 
demonstrated Asat, gs sat and iWUE typical of healthy C4 grass leaves (Fig. 5.2 a, b, f) (Ghannoum 
et al., 2011; Ghannoum et al., 2002). Stomatal limitation of photosynthesis (l) was low, less than 
0.1, as in other C4 species (Ripley et al., 2007): this was in line with an operating point of A 
located on or near the plateau of the A-ci response curve (Fig. 5.4) (Leakey et al., 2006). 
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Stomatal density (SD) and length of the stomatal complex (SL) was comparable to that of other 
C4 grasses (Hetherington and Woodward, 2003). Light-acclimated IG (IGlight) was similar to 
measurements at Q=700 µmol m-2 s-1 in grapevine (Fig. 5.4, Fig. 5.5 a) (Grant et al., 2006). 
There was no evidence that dynamic stomatal function was impaired (Fig. 5.4). 
All measured plants showed signs of normal, healthy growth, irrespective of gene insertion (Fig. 
5.1, 2, 3, 4, 5). The absence of a phenotype in transformed plants could therefore be due to 
several reasons: the most obvious would be that the RNA hairpin construct was not expressed, 
and so failed in its role of knocking down SPCH expression. This hypothesis has not been tested, 
as it was decided to defer the analysis of gene expression to homozygous T2 plants. This is in 
part because SPCH expression primarily occurs in a minute section of the developing grass leaf, 
such that the entire tiller must be destroyed to sample the relevant tissue (Hepworth et al., 2018; 
Serna, 2011). The T1 plants needed to be kept alive to produce T2 seed, additionally, immature 
leaf tissue sampling can be more readily standardized by collecting leaf tissue from seedlings. 
Only two viable events were produced from this transformation, and more events would be 
required to draw any decisive conclusions on the role of the targeted SPCH-like gene in stomatal 
patterning of S. bicolor. However, it is worthwhile to discuss the current state of knowledge 
regarding SPCH, in order to provide context for these results. Stomatal development is well 
characterized in the model plant Arabidopsis thaliana (L.) Heynh (Assmann and Jegla, 2016; 
Bergmann and Sack, 2007; Chater et al., 2017; Pillitteri and Dong, 2013; Pillitteri and Torii, 
2012), and in particular mutations of the SPCH gene have led to A. thaliana plants with reduced 
stomatal density (MacAlister et al., 2007). Is this function conserved in evolutionarily distant 
plant clades, specifically in grasses such as S. bicolor?  
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Stomatal development is not as well characterized in grasses as in A. thaliana, although new 
knowledge is rapidly accumulating on this topic (Hepworth et al., 2018; Liu et al., 2009; Serna, 
2011). However, homologs of key A. thaliana stomatal development genes have been found in 
the grasses B. distachyon. (Raissig et al., 2016), barley (Hughes et al., 2017), rice, and maize 
(Liu et al., 2009). Some genes have highly conserved function (e.g. FAMA) (Liu et al., 2009), 
while others show more divergence despite still being involved in the general process of stomatal 
development (e.g. SCRM2) (Raissig et al., 2016). Regarding SPCH, a single SPCH gene is found 
in A. thaliana, yet two SPCH-like genes are found on different chromosomes in the grasses rice 
and maize (Liu et al., 2009; MacAlister et al., 2007). In rice, only one version (OsSPCH2) has 
been found to be active in promoting the early stages of stomatal development (Liu et al., 2009), 
yet was also associated with epidermal patterning abnormalities; this indicates that in grasses 
SPCH-like genes may play a somewhat different role in determining stomatal fate (Raissig et al., 
2016). Nonetheless, there is strong evidence that modifications of SPCH-like gene expression 
impact stomatal patterning in grasses (Hepworth et al., 2018; Liu et al., 2009; Raissig et al., 
2016). Therefore it is unlikely that the absence of a phenotype in SPCH knockdowns in our 
study, is due to this gene having no involvement in stomatal patterning in S. bicolor (Fig. 5.1, 
Fig. 5.2, Fig. 5.3, Fig. 5.4, Fig. 5.5). 
Another possibility is that down-regulated expression of the SPCH-like gene on chromosome 10 
was successful, but negated by other genes with redundant function. In rice, only one of two 
SPCH homologs (OsSPCH2) seemed to affect SD (Liu et al., 2009). In B. distachyon, two SPCH 
(BdSPCH1 and BdSPCH2) homologs appear to affect stomatal development to differing degrees, 
with BdSPCH2 more closely associated with OsSPCH2 (Raissig et al., 2016). Accordingly, only 
mutants in BdSPCH2 produced a substantial decline in SD (Raissig et al., 2016). On this basis, 
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only the S. bicolor SPCH homolog closest to OsSPCH2, located on chromosome 10, was 
targeted for down-regulation in our study. However, if in S. bicolor several SPCH homologs do 
in fact participate in stomatal development, it is possible that down-regulated expression of the 
SPCH-like gene on chromosome 10 was negated by up-regulation of other redundant genes. If 
so, the S. bicolor SPCH homolog discovered on chromosome 4 would seem a likely candidate. 
This question may be resolved by measuring expression of both SPCH-like genes in transgenic 
T2 plants, and testing the following hypothesis: when compared to a control, transgenic plants 
show reduced expression of SPCH-like gene on chromosome 10, but over expression of SPCH-
like gene on chromosome 4. 
RNA hairpins generally produce a potent knockdown of gene expression, such that multiple 
inserts of RNA constructs do not necessarily downregulate gene expression substantially more 
than a single insert (Helliwell and Waterhouse, 2005; Lee and Lee, 2011). Therefore it is 
unlikely that plants that are homozygous for the gene insertion established here will show a 
significantly different phenotype than heterozygous plants. However, producing more 
transformation events into S. bicolor would provide more conclusive evidence on the role of 
SPCH-like genes in S. bicolor, and whether they can be used to alter stomatal patterning for 
improved water-use efficiency. Given that fully designed constructs are already prepared, only 
additional transformation events into S. bicolor would be necessary. Of course this must be 
accompanied by analysis of SPCH gene expression, to ensure that inserted constructs are 
successful in down-regulating SPCH gene expression.  
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Table and Figures 
Table 5.1: ANOVA results for the effect of each plant group on several parameters describing leaf physiology. Values in the table are Tukey-
Kramer adjusted p-values, comparing the mean in transformation Events 1 & 2 against values for both control groups: WT and the Negative 
Control. 
Measurement Control group Event 1 Event 2 
Stomatal density (SD) (stomata mm-2) WT 0.68 0.18 
  Negative Control 0.65 1.00 
Length of the stomatal complex (SL) (µm) WT 0.45 0.96 
  Negative Control 0.94 0.44 
Subsidiary cell width (SCW) (µm) WT 0.50 0.94 
  Negative Control 0.95 0.51 
Guard cell width (GCW) (µm) 
WT 0.15 0.27 
  Negative Control 1.00 0.99 
Light-saturated net photosynthetic CO2 uptake (Asat) (µmol m-2 s-1) WT 1.00 1.00 
  Negative Control 0.69 0.87 
Light-saturated stomatal conductance to water vapor (gs sat) (mol m-2 s-1) WT 0.86 0.99 
  Negative Control 1.00 0.84 
CO2-saturated A (Vmax) (µmol m-2 s-1) WT 1.00 1.00 
  Negative Control 0.91 0.98 
Maximum apparent rate of PEPc carboxylation (Vpmax) (µmol m-2 s-1) WT 0.98 0.15 
  Negative Control 0.12 0.99 
Intrinsic water-use efficiency (iWUE) (µmol mol-1) WT 0.64 0.40 
  Negative Control 0.24 0.84 
Stomatal limitation to photosynthesis (l) (dimensionless) WT 0.92 0.95 
  Negative Control 0.99 1.00 
High-light-acclimated value of IG (IGlight) (dimensionless) WT 0.65 1.00 
  Negative Control 0.91 0.96 
Shade-acclimated value of IG (IGshade) (dimensionless) WT 1.00 0.92 
  Negative Control 1.00 0.95 
Minimum of IG reached immediately after t=0 (IGinitial min) (dimensionless) WT 0.79 0.99 
  Negative Control 0.91 0.96 
Maximum of IG reached during the stomatal re-opening phase (IGoscillation max) 
(dimensionless) WT 
0.98 1.00 
  Negative Control 1.00 0.95 
Time at which IG reached 110% of IGinitial min, (Xinitial min) (minutes) WT 0.99 0.97 
  Negative Control 0.88 0.98 
Area beneath the curve following the light transition (IGΣ shade) (dimensionless) WT 0.96 1.00 
  Negative Control 1.00 0.90 
Initial rate of decline in IG after t=0 (Vinitial) (dimensionless) WT 0.94 1.00 
  Negative Control 1.00 0.99 
Rate of increase of IG in the shade (Voscillation) (dimensionless) WT 0.96 1.00 





Figure 5.1: Mean and standard error for each plant group for the following parameters: a) stomatal density (SD), b) the length of the stomatal 





Figure 5.2: Mean and standard error for each plant group for the following parameters: a) light-saturated net photosynthetic CO2 uptake (Asat), 
b) light-saturated stomatal conductance to water vapor (gs sat), c) CO2-saturated A (Vmax), d) maximum apparent rate of PEPc carboxylation 





Figure 5.3: Average A-ci response curves for all plant groups. Datapoints are mean values of A for each plant group at each level of [CO2]. Lines 
from ci=0-1000 ppm are a best-fit nonrectangular hyperbola. Predicted Vpmax-limited response curves are shown as lines for ci<200 ppm. 





Figure 5.4: Average response curve of IG to a drop in incident photon flux in all plant groups. Here IG is in theory linearly related to stomatal 
conductance to water vapor (gs). At t=0, indicated by an arrow, incident photon flux was dimmed from 750 µmol m-2 s-1 to approx.. 75 µmol m-2 





Figure 5.5: Mean and standard error for each plant group for parameters measured using thermal imaging. Here IGlight is the high-light-acclimated 
value of IG, IGshade is the shade-acclimated value of IG, IGΣ shade is the area beneath the curve following the light transition, IGinitial min is the 
minimum of IG reached immediately after t=0, IGoscillation max is the maximum of IG reached during the stomatal re-opening phase, Xinitial min is the 
time at which IG reached 110% of IGinitial min, Vinitial is the initial rate of decline in IG after t=0, and Voscillation is the rate of increase of IG in the 
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Chapter 6: Genome-wide association study of dynamic stomatal conductance traits in the model 
species, sorghum 
Abstract 
In plants, stomata act as valves allowing the uptake of CO2 into the leaf internal air space for 
assimilation, but also expose the wet surfaces of the assimilatory cells to the atmosphere. The 
synchrony of stomatal kinetics with photosynthetic CO2 demand is critical to plant productivity 
and intrinsic water-use efficiency, particularly in the variable conditions experienced in the field. 
However, stomata are generally slower than photosynthesis to respond to fluctuating light; this 
restricts CO2 supply to photosynthesis during stomatal opening, and causes unnecessary loss of 
water during stomatal closure. Accelerated stomatal movement could minimize these 
inefficiencies, yet this is a complex trait to improve and little is known about how much genetic 
variability exists within a species. This is in part because stomatal responses are lengthy and 
difficult to measure on large numbers of plants. We used high-throughput thermal imaging to 
assess the speed of stomatal closure following a drop in incident photon flux in a diversity panel 
of 667 lines of Sorghum bicolor L. Thermal imaging accurately predicted dynamic responses of 
stomatal conductance to water vapor. These responses were highly variable, with different S. 
bicolor lines showing not only various speeds of initial stomatal closure after the light was 
dimmed, but also varying responses of stomatal re-opening at low light. Lines with higher 
overall stomatal conductance closed their stomata more slowly after the transition from light to 
shade, and showed more stomatal opening in the shade. The initial speed of stomatal closure, and 
the level of stomatal conductance at low light, were moderately heritable (hg>0.45). Using a SNP 
dataset collected by genotyping-by-sequencing (GBS), a genome-wide association study 
(GWAS) was performed to identify genetic markers and genes associated with stomata kinetic 
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traits. These traits mapped to several QTL, which point to genes that could influence dynamic 
stomatal behavior. These results provide novel information on the relationship of genotype to 
stomatal phenotype in S. bicolor, and provide promising gene targets for the improvement of 
stomatal speed and water-use efficiency in crop plants.  
Abbreviations 
A: Net leaf rate of photosynthetic CO2 assimilation (µmol m-2 s-1) 
BLUP: best linear unbiased predictor 
gs: Stomatal conductance to water vapor  (mol m-2 s-1) 
GWAS: genome-wide association studies 
hg: Heritability 
IG: index that in theory is linearly related to gs (dimensionless) 
IGΣ shade: area beneath the IG response curve following from t=0 to t=60 minutes (dimensionless) 
IGlight: high-light-acclimated value of IG (dimensionless) 
IGshade: shade-acclimated value of IG (dimensionless) 
IGinitial min: minimum of IG reached immediately after t=0 (dimensionless) 
IGoscillation max: the maximum of IG reached during stomatal re-opening in the shade 
(dimensionless) 
LD: linkage disequilibrium 
Tdry: Dry reference temperature (°C) 
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Tleaf: Leaf temperature (°C) 
Twet: Wet reference temperature (°C) 
Vinitial: initial rate of decline in IG after t=0 (dimensionless) 
Voscillation: rate of increase of IG in the shade (dimensionless) 
Xinitial min: time at which IG reached 110% of IGinitial min (minutes) 
Introduction 
Water is a major limiting factor to agriculture worldwide, a situation likely to further deteriorate 
due to unstable precipitation patterns and increasing atmospheric vapor pressure deficit (VPD) 
resulting from climate change (FAO et al., 2017; Ghannoum, 2009; Lobell et al., 2008; Ort and 
Long, 2014; WWAP, 2015). Since 1960, major advances in plant breeding have tripled the 
productivity of major crops such as maize and rice, but this has been accompanied by a 
corresponding increase in crop water consumption (Ort and Long, 2014). Unless continued yield 
improvement is supplemented with enhanced water-use efficiency, agricultural systems in the 
near future will be severely threatened by drought, and unsustainable practices such as over-
irrigation may result (Bonsch et al., 2016; Morris et al., 2013).  
An inherent aspect of plant growth is the tradeoff between net photosynthetic carbon assimilation 
(A) and water loss through transpiration (Franks and Farquhar, 2007; Lawson and Blatt, 2014; 
Lawson et al., 2011). With 98% of leaf water and CO2 fluxes passing through stomata, these 
cells act as valves allowing the uptake of CO2 into the leaf internal air space for assimilation, but 
also expose the wet surfaces of the assimilatory cells to the atmosphere. This allows water loss 
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up to five orders of magnitude greater than CO2 assimilation (Lambers et al., 2008; Lawson et 
al., 2011).  
Because A and transpiration are largely determined by gs, the synchrony of stomatal kinetics with 
photosynthetic CO2 demand is critical to plant productivity and intrinsic water-use efficiency 
(iWUE, where iWUE=A/gs) (Kaiser et al., 2015; Lawson and Blatt, 2014). If conditions are 
favorable for A but gs is low, A will be significantly limited by stomata. Conversely, if A is low 
but gs is high, unnecessary transpiration will occur with no corresponding benefit to A, 
substantially decreasing iWUE. This is paramount in variable environments and in particular 
fluctuating light environments such as crop canopies, where movement of clouds and leaves 
cause frequent and abrupt changes in incident photon flux at the leaf level (Jones, 1987; Pearcy, 
1990; Way and Pearcy, 2012).  
Generally, gs responds an order of magnitude more slowly than A to a drop in incident photon 
flux (Lawson and Blatt, 2014; Lawson et al., 2011; McAusland et al., 2016; Way and Pearcy, 
2012), often showing a short lag before beginning to decline, and reaching a new steady-state 
over the course of several minutes (Hetherington and Woodward, 2003). As a result any 
coordination in A and gs is often lost in naturally fluctuating environments (Lawson and Weyers, 
1999; McAusland et al., 2016; Weyers and Lawson, 1997). Ensuring that A and gs are 
synchronized in their response to fluctuating light, by accelerating stomatal movement, could 
yield benefits to both productivity and iWUE of 20-30% (Lawson and Blatt, 2014).  
Stomatal aperture is a greater determinant of gs than stomatal density (n. stomata per unit leaf 
area) or morphology (Weyers and Lawson, 1997), and inorganic and organic ion transport across 
the plasma membrane and tonoplast, coupled with organic anion synthesis, is well-documented 
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as the causal mechanism for stomatal opening and closing (Chen et al., 2012; Kollist et al., 2014; 
Lawson and Blatt, 2014). These ions traverse the guard cell tonoplast and the plasma membrane 
separating guard cells from their neighbors in order to drive water transport and modulate guard 
cell turgor. While this system is relatively well understood, it has proved difficult to manipulate 
in order to improve iWUE: manipulation of guard cell plasma membrane H+-ATPase enhanced 
light-induced stomatal opening, but this was not associated with improved iWUE (Wang et al., 
2014a). Earlier attempts to breed for different stomatal characters have also been largely 
unsuccessful at affecting gs and iWUE (Jones, 1987). 
Recent efforts have begun to integrate the complex mechanisms of ion transport in order to 
predict their effects on stomatal aperture (Wang et al., 2014b). However, interactions between 
individual classes of ion transporters make it difficult to broadly enhance the speed of stomatal 
dynamics by manipulating the quantity of any individual transporter (Lawson and Blatt, 2014). 
Therefore, the reverse approach of screening plants for speed of stomatal movement, and 
discovering genes associated with this trait through genome-wide association studies (GWAS), 
may be a preferable approach; enabling the identification of a few genes that most significantly 
impact the dynamic stomatal phenotype.  
GWAS have emerged as a powerful tool for high-resolution mapping of loci underlying complex 
quantitative traits in plants (Brachi et al., 2011; Brown et al., 2011; Lipka et al., 2012; Morris et 
al., 2013). In tandem with next-generation sequencing methods such as genotyping-by-
sequencing (GBS) or whole-genome sequencing (WGS), whole genomes of diverse lines are 
scanned for single-nucleotide polymorphisms (SNPs) with such high density that identification 
of QTLs can often be narrowed down to individual genes or a few genes (Elshire et al., 2011; 
Glaubitz et al., 2014). GWAS has been used to identify the genetic basis of agronomic traits in 
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sorghum (Burks et al., 2015; Casa et al., 2008), maize (Hufford et al., 2012) and rice (Huang et 
al., 2010). 
Ultimately, the advent of GWAS has been enabled by the development of rapid, low-cost, high-
precision methods for DNA sequencing (Elshire et al., 2011). However, the collection of genetic 
information from an individual is only as valuable as its association with the individual’s 
phenotype. Phenotyping plants for variability in the response of gs to fluctuating light is 
challenging for several reasons: measurement of gs using gas-exchange chambers or porometers 
requires dedicated measurements for individual leaves, and so can be costly in terms of 
personnel and equipment (Kramer and Boyer, 1995; McAusland et al., 2013). Study of transient 
gas-exchange under fluctuating conditions is limited by the volume of, and the flow through, the 
sample gas cell (Pearcy, 1990). As described earlier, measurements of dynamic gs are lengthy, 
with up to 30 minutes required to transition from steady-state at one light level to another 
(Lawson and Blatt, 2014; McAusland et al., 2016). The combination of large sample sizes 
required for GWAS, and the lengthy nature of dynamic gs measurements, largely prohibits 
GWAS of stomatal movement speed based on classical gas-exchange or porometry 
measurements of gs. 
An emerging high-throughput technique to measuring gs involves thermal imaging. Using an 
infrared camera, it is possible to track the changes in leaf temperature as a result of stomatal 
movement, with the leaf warming up as stomata close due to a proportionate loss in cooling by 
transpiration (Guilioni et al., 2008; Jones et al., 2002). The key advantage here is that multiple 
plants can be measured simultaneously, allowing for rapid processing of large samples. 
Measurements can be further refined by including non-leaf reference materials to correct for 
environmental effects not related to stomatal movement (Grant et al., 2006; McAusland et al., 
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2013). This technique has been used to monitor stomatal closure (Jones et al., 2002) and stress 
response (Grant et al., 2007) in a grapevine field, to identify A. thaliana mutants with altered gs 
(Merlot et al., 2002), and coupled with chlorophyll fluorescence measurements to screen A. 
thaliana plants for iWUE (McAusland et al., 2013). In a broad validation experiment, thermal 
measurements successfully predicted gs in several species exposed to different experimental 
treatments (Grant et al., 2006). Finally, thermal imaging was used to perform high-throughput 
phenotyping of the response of hundreds of ecotypes of A. thaliana to changing light and [CO2] 
(Takahashi et al., 2015). 
The C4 crop, Sorghum bicolor (L.) Moench, is used for food and feed around the world, and is of 
particular importance in the semi-arid tropics due to its high productivity and drought-tolerance 
(Casa et al., 2008; Morris et al., 2013). It is also a candidate crop for lignocellulosic biofuel 
production, while “sweet” forms are used for syrup production (Bennett et al., 1990). In this study, 
high-throughput thermal imaging methods were used to measure the speed of stomatal closure in 
fluctuating light in over 2000 individual plants selected from a mapping population of S. bicolor. 
Results were validated against classical gas-exchange measurements to ensure the accuracy of this 
high-throughput phenotyping method. Trait correlations were used to identify general patterns in 
stomatal behavior. GWAS was performed on these results to relate the observed phenotypes to the 
S. bicolor genotype, and identify genetic variation associated with stomatal movement kinetics.  
Materials and methods 
Sorghum diversity panel development 
An accession collection of 667 lines of S. bicolor encompassing broad genotypic and phenotypic 
diversity was established by combining 339 lines from the National Plant Germplasm System 
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(USDA-NPGS), 117 lines from the panel of (Brenton et al., 2016), 273 lines from the panel of 
(Yu et al., 2016) and 140 lines provided by John Burke (USDA - Lubbock, TX).  
Genotyping by sequencing 
DNA from dark-grown etiolated seedling tissue was extracted and placed in 96-well plates, 
following CTAB protocol (Doyle and Doyle, 1987). Two pairs of restriction enzymes, PstI-
HF/HinP1I and PstI-HF/BfaI (New England Biolabs, Ipswich, MA, USA), were used to generate 
DNA strands, which were ligated to unique barcode adapters in each well (Elshire et al., 2011; 
Morris et al., 2013). Illumina libraries were generated by pooling 96 DNA samples per library 
into a single tube (Head et al., 2014); these were used for all subsequent steps including size 
selection with AMPure beads (Beckman-Coulter, Pasadena, CA, USA), PCR amplification using 
Phusion polymerase (New England Biolabs), and a second round of bead-based size selection. 
These were submitted to the Keck Center at the University of Illinois to generate single-end, 100 
bp sequencing reads (Illumina HiSeq2000, Illumina, San Diego, CA, USA).  
SNPs were identified in the TASSEL3 GBS pipeline (Glaubitz et al., 2014), using Bowtie2 for 
tag alignment (Langmead and Salzberg, 2012). Reads that did not perfectly match a barcode and 
restriction site were discarded. After barcode trimming, all unique 64 bp sequences present >9 
times in the dataset and that mapped uniquely to the sorghum genome were selected as "master 
tags". These were compared to tags in each individual at each genomic address in order to 
identify SNPs. SNPs with >95% missing data and/or minor allele frequency (MAF)<5% were 
discarded (Brachi et al., 2011). Missing data were imputed using BEAGLE4 (Browning and 
Browning, 2011) with a window size and overlap of 500 and 100 SNPs, respectively.  
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Plant material and growing conditions 
Over 2300 plants of S. bicolor representing 667 of the diversity panel's lines were grown in a 
CRD. Plants were grown from seed in 18-plant flats (3 x 6 sets of 281 mL inserts) containing a 
peat/bark/perlite- based growing medium (Metro-Mix 900; Sun Gro Horticulture, Agawam, MA, 
USA) and supplemented with 1 mL of slow release 13-13-13 fertilizer (Osmocote Classic, 
Everris NA, Inc., Dublin, OH, USA), with all pots watered daily to field capacity. 3 seeds/insert 
were planted, with post-emergence thinning to 1 seedling/insert. Plants were grown in a 
temperature-controlled greenhouse maintained at 27 °C daytime/25 °C nighttime temperature, 
with supplemental lighting to ensure a minimum light intensity of 90 W m-2 during a 13 h day. 
Three or four replicate plants were assessed per genotype and grown in separate flats. In 
addition, one “check” line, PI147837, was present in each set of 18 plants (i.e. per flat) in order 
to help identify spatial and temporal variation within and between measurements.  
Experimental conditions and temperature measurement 
Once the fourth leaf had fully emerged and expanded, as evidenced by ligule emergence, plants 
were transferred to a controlled-environment growth cabinet and allowed to acclimate overnight 
before measurements began (Model PCG20, Conviron, Winnipeg, MB R3H 0R9, Canada). The 
cabinets were maintained at 14 h /10 h day/night cycle under 1200 μmol photons m–2 s-1, 30 °C 
daytime/25 °C nighttime temperature, and relative humidity of 75%. On the day of measurement, 
the fourth fully expanded leaf of each plant of an 18-plant set was selected for measurement, and 
laid flat across a custom-built rack in order to standardize leaf angle and incident light 
interception (Grant et al., 2006). This presented a 4 cm length of the mid-leaf for measurement.  
"Dry" and "wet" reference materials were prepared as in (McAusland et al., 2013) to correct for 
the effects of net isothermal radiation and vapor pressure deficit, respectively (Guilioni et al., 
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2008). A thin coating of petroleum jelly was applied over ca. 1 cm width of both the abaxial and 
adaxial sides of each leaf; this served as a dry reference unique to each individual leaf. Two 
sections of damp filter paper of similar dimensions to the leaves were used as a wet reference in 
each measurement, and kept moist by a reservoir of water.  
Once leaves were positioned and reference materials prepared, each set of 18 plants was 
transferred to a second growth cabinet for measurement. Temperature and humidity were 
identical in the second cabinet, but light was provided by a 20 x 20 cm LED panel providing an 
equal-parts mixture of blue, red and green light, such that incident photon flux at the leaf level 
was ca. Q=750 µmol m-2 s-1 (LED Light Source SL 3500, Photon Systems Instruments, Brno, 
Czech Republic). The cabinet's PAR sensor was used to evaluate spatial heterogeneity of 
incident photon flux, which was contained to a maximum of ± 6% variation across the measured 
area. An infrared camera (Thermo Gear Model G100, Nippon Avionics CO., Ltd., Tokyo, Japan) 
was placed ca. 0.5 m away from the leaves and adjusted such that the lens was as close as 
possible to parallel with the leaf surfaces without obstructing the light source. 
As soon as plants were placed inside of the chamber, the camera began recording images every 6 
s, and the cabinet door was closed to maintain constant environmental conditions. Emissivity 
was set to 0.95 to accurately measure leaf temperature (Jones et al., 2002). The first 30 minutes 
of measurements were discarded to avoid confounding temperature effects as the cabinet re-
adjusted air temperature after the door was closed. An automated controller within the chamber 
controlled LED output from the light source (LC 100, Photon Systems Instruments): incident 
photon flux was maintained at initial levels for 40 minutes, and then at t=0 reduced by 90% for 




Image analysis and stomatal conductance estimation 
Analysis of thermal images was performed in ImageJ  (Schneider et al., 2012). Sections of leaf 
and reference materials of each image were hand-selected to derive profiles of temperature vs. 
experimental time. Leaf and reference temperatures were used to calculate the index IG:  
𝐼𝐼𝐼𝐼 = (𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑇𝑇𝑙𝑙𝑙𝑙𝑑𝑑𝑙𝑙)/(𝑇𝑇𝑙𝑙𝑙𝑙𝑑𝑑𝑙𝑙 − 𝑇𝑇𝑤𝑤𝑙𝑙𝑤𝑤) 
Where Tleaf, Tdry and Twet are the surface temperatures of the leaf, dry and wet reference surfaces, 
respectively. IG is theoretically proportional to gs given constant environmental conditions 
(Grant et al., 2006; Guilioni et al., 2008; Jones, 1999; Jones et al., 2002; McAusland et al., 
2013). Because the relative humidity and temperature of the air were controlled by the growth 
cabinet, these parameters were constant across all leaf and reference surfaces. Boundary layer 
conductance affects leaf temperature, but without a high-throughput means to estimate boundary 
layer conductance on individual leaves including the dry and wet controls, it was assumed that 
this parameter was also constant across all leaves (McAusland et al., 2013). Since the cabinet is 
designed to deliver a uniform air-flow, and replicate plantings were randomly positioned to avoid 
systemic spatial variation, this appeared a reasonable assumption.  With these assumptions met, 
the relative differences in IG calculated between leaves and over time could be attributed solely 
to between-leaf variation in gs.  
Analysis of IG profiles 
Eight parameters were derived from individual profiles of IG vs. experimental time (i.e. time 
after the reduction in incident photon flux), in order to extract relevant physiological 
information: IGlight, IGshade, IGΣ shade, IGinitial min, IGoscillation max, Xinitial min, Vinitial, and Voscillation (Fig. 
F1). These described the complex response of IG after t=0, with a drop in IG as stomata closed, 
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often followed by an oscillation in IG as stomata partially re-opened and then partially closed 
again. IGlight and IGshade were calculated as the mean value of IG from t=-5 to 0, and from t=52 to 
60 minutes, respectively; these give estimates of steady-state IG acclimated to Q=750 and 75 
μmol m-2 s-1, respectively (Fig. F1). IGΣ shade was calculated as the area beneath the curve 
following the light transition, i.e. from t=0 to 60 minutes. IGinitial min was identified as the 
minimum of IG reached immediately after t=0. IGoscillation max was identified as the maximum of 
IG reached during the stomatal re-opening phase. The time at which IG reached 110% of IGinitial 
min was recorded as Xinitial min (Fig. F1).  
Non-linear and linear regression were used to estimate the rate of change in IG vs. time at two 
key sections of each profile. Vinitial was calculated as the exponential rate of decay of IG vs. time 
from t= -0.1 minutes to t= Xinitial min: 
𝐼𝐼𝐼𝐼 = 𝑎𝑎 + 𝑐𝑐 ∗ 𝑒𝑒(−𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖𝑑𝑑𝑙𝑙∗time) 
Here c and a give estimates of IG at t= -0.1 minutes and t= Xinitial min, respectively. Vinitial gives the 
rate of decay in IG following the drop in incident photon flux, with Vinitial>0 and a greater Vinitial 
indicating a more rapid rate of decay (PROC NLIN, SAS v8.02; SAS Institute, Cary, NC, USA). 
Voscillation was calculated as the linear slope of IG vs. time to give the rate of increase in IG during 
the phase of stomatal reopening in the shade (PROC GLM, SAS Institute).  
The equivalent to each of these parameters, i.e. IGlight, IGshade, IGΣ shade, IGinitial min, IGoscillation max, 
Xinitial min, Vinitial, and Voscillation were also derived from profiles of gs vs. time in a subset of plants 
measured by gas-exchange for validation purposes. 
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Validation of IG with gas-exchange measurements 
Validation of IG as a proxy for relative differences in gs between lines was obtained on a subset 
of 64 individual plants measured throughout the experiment: after IG measurements were 
completed on these plants, they were placed back in the acclimation growth cabinet. The leaf 
section previously used for IG measurement was placed in the cuvette of a portable open path 
gas-exchange system incorporating infra-red CO2 and water vapor analyzers (LI-COR 6400; LI-
COR, Inc., Lincoln, NE USA). Incident photon flux was set to Q=750 μmol m-2 s-1, [CO2] to 400 
ppm and leaf-to-air water vapor pressure deficit maintained at <2 kPa. Light was provided by the 
integrated red (635 nm wavelength) and blue (465 nm wavelength) light-emitting diodes (LED) 
such that 10% of the light was blue, and the remainder red. Immediately after clamping onto the 
leaf, measurements were initiated that mirrored the protocol for IG measurements; i.e. initial 
photon flux was maintained for 40 minutes, then reduced by 90% for an additional 60 minutes. 
Gas-exchange data were logged every 5 s throughout this period and A, gs, and ci calculated 
following (von Caemmerer and Farquhar, 1981).  
When comparing thermal measurements to this validation data, it appeared that an anomalous 
spike in IG, reaching up to twice the value of light-acclimated IG, was consistently recorded 
from ca. t=0 to 0.9 minutes (Fig. F1). This was likely due to the different radiative properties of 
the white wet reference and the green leaf and dry reference (Grant et al., 2006). Therefore IG 
measurements from t=0 to 0.9 minutes were discarded. 
Statistical analysis 
A simple analysis was performed to determine whether there was pairwise linear correlation at a 
p<0.01 threshold between any of the measured parameters, i.e. IGlight, IGshade, IGΣ shade, IGinitial min, 
IGoscillation max, Xinitial min, Vinitial, and Voscillation, (PROC CORR, SAS Institute). On the subset of 64 
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plants used for validation with gas-exchange measurements, a similar analysis was used to 
determine whether each IG response curve parameter was correlated to its counterpart, when 
derived from gs response curves (p<0.001 threshold, PROC CORR, SAS Institute).  Graphical 
displays were constructed (SigmaPlot 11.0 software, Systat Software Inc., San Jose, CA, USA). 
GWAS of physiological parameters 
Each physiological parameter was analyzed using a two-stage GWAS. In the first stage a mixed 
model was developed in R package ASReml (Gilmour et al., 2009) to account for spatial and 
temporal variability as covariates within and between experiments (Kutner et al., 2015; Xue et 
al., 2017). The line "PI147837", which was replicated in each individual set of measurements, 
was used to identify possible sources of consistent non-genotypic variance. For instance, over the 
course of the experiment, a malfunction in the LED light source and its subsequent repair and 
repositioning within the measurement cabinet, resulted in three discrete periods throughout the 
experiment which significantly affected physiological measurements. Therefore a fixed blocking 
effect was included with three levels to account for this between-measurement variability. Once 
models were finalized for each physiological parameters, best linear unbiased predictors 
(BLUPs) were calculated for each line, and heritability (hg) was calculated as in (Cullis et al., 
2006).  
BLUPs were used in the second stage to perform the GWAS and identify QTL using a 
compressed mixed linear model (Zhang et al., 2010) implemented in the GAPIT R package 
(Lipka et al., 2012). Seven principal components were graphically determined to control for most 
of the variance caused by population structure and were added as fixed effects (Fig. F2), while a 
group kinship matrix was calculated from clustered individuals (Casa et al., 2008; Morris et al., 
2013; Platt et al., 2010; VanRaden, 2008; Zhang et al., 2010) and LD decay was visually 
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determined from the GAPIT output files (Fig. F3). Significant associations were identified at 
FDR-adjusted p-value (i.e. q-value)<0.1. When significant associations were found, linkage 
disequilibrium (LD) between the significant marker and flanking markers in the upstream and 
downstream neighboring 50 kb, was assessed by analysis of R2 from an LD heatmap (Shin et al., 
2006). 50kb was used following the distance required for LD decay (Fig. F3). When marker 
resolution was not sufficient to identify LD blocks, genes were explored in the 200 kb upstream 
and downstream of each marker to determine if any showed functionality that could be linked to 
stomatal conductance. Investigation of gene function was performed using the Phytozome 
database for Sorghum bicolor v3.1.1 (Goodstein et al., 2012), and by comparing gene peptide 
sequences to Arabidopsis thaliana in the TAIR database using BLAST (Berardini et al., 2015). 
Results 
Validation of IG as a proxy for gs 
Visual comparison of IG and gs response curves shows that both predict a similar pattern of 
stomatal closure at t=0, sometimes followed by a re-opening phase (Fig. 6.1). There was a 
general trend for IG measurements to over-estimate stomatal reopening in the shade, when 
compared to gs measurements of the same leaf. However, this did not affect the relative 
comparisons between lines for these measurements: all of the parameters output from IG 
response curves, i.e. IGlight, IGshade, IGinitial min, IGoscillation max, Xinitial min, Vinitial, and Voscillation, were 
significantly and positively correlated with their equivalents when measured in gs response 
curves (p<0.001), with r2 ranging from 0.21 to 0.34 (Fig. 6.2). On this basis IG in this 




There was a wide range of variation in IG measured across 667 lines of S. bicolor, with ca. 3-
fold variation between lines in light-acclimated IGlight and ca. 10-fold variation in both shade-
acclimated IGshade and integrated IG throughout the shaded period (IGΣ shade) (Table 6.1). While 
leaves all lines showed Xinitial min of 5.2 minutes on average, response curves of IG were 
remarkably different between lines, with some showing very rapid (Xinitial min<2 minutes) to 
highly delayed (Xinitial min>13 minutes) stomatal closure (Fig. 6.3, Fig. 6.4). The decline in IG 
upon shading at t=0 was often followed by a secondary phase of stomatal re-opening, though this 
pattern was not ubiquitous and some lines immediately achieved a new steady-state for shaded 
IG (Fig. 6.3). There was a ca. 30-fold difference between lines in the minimum and maximum 
rates of stomatal closure (Vinitial) and re-opening (Voscillation), respectively (Table 6.1). 
Most of the parameters extracted from IG response curves were correlated with one another 
(Table 6.2). For instance, lines with a high level of steady-state IG when acclimated to Q=750 
μmol m-2 s-1 (IGlight), were also those with greater overall IG in the shade (IGΣ shade) (Fig. 6.4a). 
Lines with greater IGlight also showed a lesser rate of decline in IG after t=0 (Vinitial), and took 
longer to reach a minimum of IG (Xinitial min) (Fig. 6.4b, c): both of these are indicators that more 
time was required for stomatal closure after a shade transition in lines with greater IGlight. 
Stomatal re-opening in the shade (Voscillation) was more pronounced in lines with higher IGlight 
(Fig. 6.4d).  
Although these correlations were significant, most had very low r2 values (<0.25), indicating that 
many lines did not follow these general trends (Table 6.2, Fig. 6.4). For instance, the line 
PI329646 had a relatively high IGlight of ca. 0.81, yet showed Xinitial min <5 minutes (Fig. 6.3). By 
comparison, line PI552851 had a similar IGlight of ca. 0.84 and 50% greater Xinitial min, yet showed 
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virtually no stomatal re-opening (Voscillation<0.005) after t=10 minutes. Line PI660630 had twice 
the IGlight of PI267653, yet both had comparable Xinitial min and initial rate of decline in IG (Vinitial). 
The preceding is based on the averages across 3-4 replicates for each line.  However, significant 
within-line variability was also common, as in line NSL50717, where the three replicate plants 
showed different patterns of sequential stomatal opening and closing in the shade (Fig. 6.3).   
Heritability and GWAS  
Heritability (hg) was highest (0.48-0.54) in parameters describing shaded levels of IG, including 
the minimum reached after t=0 (IGinitial min), the maximum reached during re-opening (IGoscillation 
max), the steady-state reached after 52 minutes (IGshade), and the overall IG from t=0 to 60 minutes 
(IGΣ shade) (Table 6.1). Parameters describing the speed of stomatal closure after t=0 (Vinitial, Xinitial 
min) had intermediate hg (0.34-0.46). hg was lowest (0.17-0.31) in parameters describing light-
acclimated IG (IGlight) and the speed of stomatal reopening in the shade (Voscillation).  
There were significant marker-trait associations for the following traits: IGshade, IGΣ shade, IGoscillation 
max, Vinitial (Table 6.3, Fig. 6.5). Several markers on chromosomes 3, 4, and 9 were simultaneously 
associated with different indicators of IG in the shade, namely IGshade, IGΣ shade and IGoscillation max. Marker 
resolution was too low to identify chromosome sections in significant linkage disequilibrium (LD) 
(R2>0.8) with significant markers (Fig. 6.6). However, several annotated genes were discovered in the 
400 kb region surrounding each marker (Table 6.4).  
Discussion 
This study provides an important advance in understanding dynamic stomatal conductance traits 
by applying high-throughput phenotyping techniques on a scale allowing GWAS to identify 
SNPs putatively controlling natural diversity in dynamic stomatal traits in S. bicolor. It reveals 
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substantial heritable variation in non-steady state responses of stomata to shading, with 
implications for breeding for improved water use efficiency (Table 6.1, Fig. 6.3). IG at low light 
was the most heritable of the physiological traits examined (hg>0.5), and traits describing IG at 
low light and the speed of stomatal closure, were significantly associated with genetic markers 
(Table 6.1, Table 6.3, Fig. 6.5). 
IG, an effective proxy for gs in high-throughput measurements 
Because IG measured through thermal imaging as a proxy for dynamic gs is a relatively novel 
method for physiological measurement, it was necessary to validate results for IG against the 
established methodology of gas-exchange (Grant et al., 2006). Overall values for IG were 
between 0 and 1, as in (Grant et al., 2006) (Table 6.1). We showed that all IG parameters were 
significantly and positively correlated with gs response curves (p<0.001), and concluded the IG 
measurements were a valid screening proxy for gs (Fig. 6.2, Fig. 6.1). However, previous 
experiments have achieved near-perfect correlation (rs=0.96) of stomatal conductance estimated 
from steady-state and dynamic measurements of thermal imaging and gas-exchange (McAusland 
et al., 2013).  
The lower strength of correlation in our study likely results from minor imperfections in the 
validation process: most notably because, IG and gs were not measured simultaneously, but 
sequentially, on the subset of plants used for validation; rather IG was measured first and the 
protocol was then repeated for gs. Therefore all gs measurements were affected by immediate leaf 
history, including the fact that each leaf had just been shade-acclimated for 60 minutes. gs 
measurements were designed to maximize boundary layer conductance with high air flow; it is 
likely boundary layer conductance was lower during thermal measurements, and this may have 
interacted with gs (Grant et al., 2006). Although incident photon flux was roughly equivalent 
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between measurements, light quality was significantly different, being equal parts red/blue/green 
for IG measurements vs. 90% red 10% blue in gs measurements. This very likely affected the 
stomatal response, at least during light acclimation before t=0 and re-opening after t=0, since 
blue, and to a lesser extent red, light sensing is largely responsible for inducing stomatal opening 
(Assmann and Jegla, 2016; Assmann and Shimazaki, 1999; Lawson et al., 2011; Shimazaki et 
al., 2007). For instance, this could explain why stomatal re-opening in the shade was generally 
more pronounced in IG measurements (Fig. 6.1). 
This experiment built on the use of thermal imaging of previous studies and recognized several 
key points: reference materials were used to account for environmental factors and enabled the 
calculation of IG as a proxy for gs, rather than measuring leaf temperature alone (Merlot et al., 
2002). We also show that the temperature and humidity controls of a standard growth cabinet 
were sufficient to derive accurate measurements of IG when combined with leaf controls, even 
without the use of a custom-built chamber (McAusland et al., 2013). This in particular enabled 
the measurement of leaves of 18 plants simultaneously, which was very useful given the length 
(>1h) of each measurement. Total experimental time was ca. 210 hours spread out over 3 
months; by comparison, a single gas-exchange instrument would be ca. 10 times more expensive 
than an infrared camera, and take 3800 hours to perform the same experiment.  
General trends in stomatal conductance 
All of the lines showed an immediate decline in IG upon shading: this indicates S. bicolor as a 
whole responds more rapidly to light fluctuations when compared to other species, which may 
show a lag period of up to 5 minutes before stomata begin to close after shading (Lawson et al., 
2011; McAusland et al., 2016; Pearcy, 1990). This could be due to improved light sensing, or an 
advantage conferred by the qualities of S. bicolor stomata. Monocot stomata are typically 
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composed of dumbbell-shaped guard cells flanked by subsidiary cells, a trait which has been 
linked to rapid stomatal movement and improved iWUE in grasses (Franks and Farquhar, 2007; 
Hetherington and Woodward, 2003; Kramer and Boyer, 1995; Lawson et al., 2011; Serna, 2011). 
However, S. bicolor has been shown to outperform even other grasses in terms of its speeds of 
stomatal movement (McAusland et al., 2016). Stomata of C4 plants tend to be smaller, faster and 
more sensitive to environmental change, which could have conferred an additional advantage to 
S. bicolor leaves here (Lawson et al., 2011; McAusland et al., 2016). 
Most of the physiological parameters determined from IG response curves were significantly 
correlated to one another (Table 6.2). It is well established that in numerous plant species steady-
state A and gs are linearly correlated at different incident photon fluxes, suggesting that stomata 
and photosynthetic processes are co-regulated to maintain intrinsic water-use efficiency under 
various light conditions (iWUE, where iWUE=A/gs) (Ball et al., 1987). gs during the day has even 
been positively correlated with gs at night (Drake et al., 2013; Lawson et al., 2011). This is in 
agreement with the positive correlation seen here between light and shade-acclimated IG (Fig. 
6.3, Fig. 6.4a).  
That lines with greater IGlight had lower Vinitial and lower Xinitial min may be explained by stomatal 
aperture, as stomata that are more open when light acclimated likely take longer to close during a 
shade transition (Fig. 6.3, Fig. 6.4 b, c). Lines with greater IGlight may have been associated with 
larger stomata, which are known to open and close more slowly (Drake et al., 2013; 
Hetherington and Woodward, 2003; Kaiser et al., 2015; Lawson and Blatt, 2014; Lawson et al., 
2011). Conversely, faster stomatal opening during light induction is typically associated with 
higher light-acclimated gs, and with a more rapid attainment of steady-state gs (Drake et al., 
2013; McAusland et al., 2016).  
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Lines with higher IGlight had a more pronounced phase of stomatal re-opening in the shade (Fig. 
6.3, Fig. 6.4 d). This in addition to the slower stomatal closure after t=0 in these lines, suggests 
that lines with higher IGlight were generally slower to acclimate to change in incident photon flux, 
with some lines failing to reach a new steady-state even after an hour in the shade (e.g. 
NSL50717, Fig. 6.3). However, the extent of this re-opening may be an artefact of the blue-
enriched light source used during thermal measurement in this experiment (Assmann and Jegla, 
2016; Assmann and Shimazaki, 1999; Fan et al., 2004; Shimazaki et al., 2007). Indeed, stomatal 
opening in the shade was observed during gas-exchange measurement of leaves illuminated with 
a 10% blue, 90% red light source, but it was not as prominent, suggesting this phenomenon 
could be less pronounced under natural sunlight (Fig. 6.1). 
Sorghum shows varied, heritable stomatal responses to dimming light 
Whereas a high diversity of stomatal responses to light has been demonstrated between different 
species (McAusland et al., 2016), here a comparably diverse set of responses is shown within 
lines of the single species S. bicolor (Fig. 6.3). Indeed, lengthy acclimation times (>30 minutes) 
to dimming light have been reported for stomata in wheat (T. aestivum), and stomatal re-opening 
in the shade is observed in barley (H. vulgare); in contrast, faster stomatal closure (Xmin 110<5 
minutes) is seen in rice (O. sativa), S. bicolor and maize (Z. mays) (McAusland et al., 2016). 
This suggests that within-species variation in stomatal responsiveness to light fluctuations may 
be as important as between-species variation (Takahashi et al., 2015). 
Based on the relatively high heritability of responses shown here, it would be feasible to select 
lines with favorable traits for breeding purposes (Table 6.1, Fig. 6.3) (Jones, 1987; Lawson et al., 
2011): for instance, PI267653 shows generally low IG which could translate to low water loss in 
dry conditions. In contrast, PI660630 maintained high levels of IGlight, yet was able to quickly 
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transition to a new steady-state IG in the shade; this could improve leaf CO2 access and A under 
high light, while minimizing water loss under fluctuating light. Breeding on the basis of stomatal 
behavior, rather than fixed stomatal characteristics, could provide an effective means to improve 
plant iWUE (Lawson et al., 2011). Clearly a next step will be to measure A and iWUE in these 
lines of interest, and in particular determine if lines with greater stomatal response speeds are 
better able to synchronize A and gs under steady-state and fluctuating light environments 
(McAusland et al., 2013; McAusland et al., 2016; Weyers and Lawson, 1997). Faster stomatal 
closure is associated with faster stomatal opening (McAusland et al., 2016); therefore it is likely 
that the lines identified here as showing accelerated stomatal response to dimming light, will also 
display an advantage under bi-directional light intensity changes. 
Parameters related to shaded IG and the speed of stomatal closure were moderately heritable, 
with hg of ca. 0.5; this is comparable to the heritability of stomatal density in S. bicolor (Table 
6.1) (Suh et al., 1976). The identification of such consistently different stomatal behaviors in 
different lines of this diversity panel is encouraging, given that related traits such as stomatal 
morphology or light-acclimated gs often show extremely high within-genotype and even within-
leaf variability (Jones, 1987; Lawson et al., 2011; Lawson and Weyers, 1999). In contrast, hg of 
IGlight was much lower at 0.17 (Table 6.1).  
QTL mapped to shaded IG and the speed of stomatal closure point to multiple promising 
genes 
The identification of QTL associated with stomatal behavior may facilitate future marker-
assisted breeding. The fact that markers of interest were generally not in LD with chromosome 
sections, hindered more in-depth analysis of potential genes of interest (Fig. 6.6). This may be in 
part due to limitation by the mapping resolution, which was ca. 0.2 markers kb-1. Fortunately, a 
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subset of the S. bicolor population studied here has been sequenced through whole-genome 
sequencing, with ca. 200 times greater marker density. Once this dataset is made available, more 
sophisticated gene association should be possible. 
Chromosome regions flanking each marker did permit some analysis of candidate genes (Table 
6.4). Many of these genes have homologs in A. thaliana whose role has been more extensively 
analyzed; here we provide a somewhat speculative analysis of genes that could be indirectly 
related to IGshade, IGΣ shade, IGoscillation max, and Vinitial. Several genes were related to general 
development processes such as those encoding auxin-responsive proteins (Sobic.001G471200, 
Sobic.001G471800, Sobic.002G300100). These may cause pleiotropic effects on leaf and cell 
size including the size of stomatal complexes, which is known to affect stomatal movement 
speed (Aasamaa et al., 2001; Drake et al., 2013; Hetherington and Woodward, 2003; Kaiser et 
al., 2015; Kollist et al., 2014; Lawson and Blatt, 2014).  
Some encoded proteins were part of larger families, some of which may be involved in stomatal 
processes: for instance, Sobic.001G472666, Sobic.002G298300, Sobic.003G074100, 
Sobic.003G337000, Sobic.009G164100, and Sobic.009G166300 all have homologs with 
functions related to ubiquitin. Ubiquitin-specific proteases may be involved in plant development 
and stress responses (Zhou et al., 2017) and abscisic acid (ABA) signaling (Zhao et al., 2016). 
Additionally Sobic.002G298800 encodes fibrillin family proteins; fibrillins are lipid-binding 
proteins of plastids that accumulate under abiotic stress, and are regulated by ABA-response 
regulators (Yang et al., 2006). Sobic.003G337500, Sobic.003G337600, Sobic.003G337700, 
Sobic.003G337800, and Sobic.003G337900 encode WRKY transcription factors that may be 
involved in ABA signaling (Rushton et al., 2012). ABA is well known to induce stomatal closure 
under various types of stress including drought and light stress (Assmann and Jegla, 2016).  
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Finally, some genes did suggest functionality more directly and specifically related to stomatal 
conductance: Sobic.003G338400 has a homolog involved in osmotic stress signaling, which may 
affect stomatal aperture. A homolog of Sobic.001G472500 encodes a putative zinc-binding 
protein, which may affect the function of Zn in stomatal opening (Sharma et al., 1995). A 
homolog of Sobic.003G336000 encodes a phosphoglycerate mutase involved in stomatal 
movement (Zhao and Assmann, 2011). A homolog of Sobic.003G339200 encodes a potassium 
transporter, and therefore may play a role in mediating K+ fluxes during stomatal opening 
(Krishnakumar et al., 2015; Rushton et al., 2012). 
Conclusion 
We have demonstrated the value of thermal imaging to derive simple yet effective measurements 
of lengthy stomatal conductance processes on large numbers of plants simultaneously. This 
method was used to show that a genetically diverse accession population featured broad 
phenotypic diversity in a number of gs traits, including the rate of gs change in response to 
altered PPFD. Several traits had hg of ca. 0.5, suggesting that dynamic gs traits are amenable to 
further genetic study, and possibly breeding. QTL were mapped to shaded gs and the speed of 
decline of gs after a drop in light intensity, which may point to genes that influence stomatal 
development and/or movement and a means to molecular breeding of improved iWUE.  
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Tables and Figures 
Table 6.1: Basic descriptive statistics of physiological variables derived from IG response curves, where IG is a proxy for stomatal conductance 
to water vapor (gs). Each curve was measured on a single leaf of Sorghum bicolor (L.) Moench, acclimated to Q=750 µmol m-2 s-1 for 40 minutes, 
then Q was reduced by 90% for 60 minutes. Here IGlight is the high-light-acclimated value of IG, IGshade is the shade-acclimated value of IG, IGΣ 
shade is the area beneath the curve following the light transition, IGinitial min is the minimum of IG reached immediately after t=0, IGoscillation max is the 
maximum of IG reached during the stomatal re-opening phase, Xinitial min is the time at which IG reached 110% of IGinitial min, Vinitial is the initial rate 
of decline in IG after t=0, and Voscillation is the rate of increase of IG in the shade. Xinitial min is in minutes, all other variables are dimensionless. hg is 
the heritability for each trait. Values in the table are from the averages per line of 667 lines of S. bicolor. 
Variable Mean Standard deviation Minimum Maximum hg 
IGlight 0.58 0.08 0.31 0.89 0.17 
IGshade 0.17 0.07 0.05 0.49 0.53 
IGinitial min 0.05 0.04 -0.03 0.24 0.50 
IGoscillation max 0.20 0.07 0.08 0.53 0.48 
Xinitial min 5.2 1.6 1.8 13.4 0.34 
IGΣ shade 84 32 28 231 0.54 
Vinitial 0.89 0.27 0.08 2.23 0.46 









Table 6.2: Pearson correlation statistics between physiological variables derived from IG response curves, where IG is a proxy for stomatal 
conductance to water vapor (gs). Each curve was measured on a single leaf of Sorghum bicolor (L.) Moench, acclimated to Q=750 µmol m-2 s-1 
for 40 minutes, then Q was reduced by 90% for 60 minutes. Here IGlight is the high-light-acclimated value of IG, IGshade is the shade-acclimated 
value of IG, IGΣ shade is the area beneath the curve following the light transition, IGinitial min is the minimum of IG reached immediately after t=0, 
IGoscillation max is the maximum of IG reached during the stomatal re-opening phase, Xinitial min is the time at which IG reached 110% of IGinitial min, 
Vinitial is the initial rate of decline in IG after t=0, and Voscillation is the rate of increase of IG in the shade. Xinitial min is in minutes, all other variables 
are dimensionless. Measurements were taken on over 2300 plants, with 3-4 replicate plants for each of 667 lines of Sorghum. Values in the table 
are the pairwise correlation statistics between the averages per line for all of these variables. p-values in bold indicate significant correlation 















IGlight 0.5 0.41 0.55 0.37 0.55 -0.4 0.16 r 
  <.01 <.01 <.01 <.01 <.01 <.01 <.01 p-value 
  0.25 0.17 0.3 0.14 0.31 0.16 0.03 r2 
IGshade   0.73 0.91 0.44 0.96 -0.5 0.44 r 
    <.01 <.01 <.01 <.01 <.01 <.01 p-value 
    0.53 0.82 0.2 0.91 0.25 0.19 r2 
IGinitial min    0.72 0.56 0.86 -0.56 0.2 r 
     <.01 <.01 <.01 <.01 <.01 p-value 
     0.52 0.31 0.73 0.31 0.04 r2 
IGoscillation max     0.5 0.92 -0.51 0.32 r 
     <.01 <.01 <.01 <.01 p-value 
     0.25 0.86 0.26 0.1 r2 
Xinitial min      0.55 -0.66 0.03 r 
       <.01 <.01 0.52 p-value 
       0.3 0.44 0 r2 
IGΣ shade       -0.58 0.41 r 
       <.01 <.01 p-value 
       0.34 0.17 r2 
Vinitial        -0.13 r 
         <.01 p-value 





Table 6.3: Marker-trait associations (q<0.1). Here IGlight is the high-light-acclimated value of IG, IGshade is the shade-acclimated value of IG, IGΣ 
shade is the area beneath the curve following the light transition, IGinitial min is the minimum of IG reached immediately after t=0, IGoscillation max is the 
maximum of IG reached during the stomatal re-opening phase, Xinitial min is the time at which IG reached 110% of IGinitial min, Vinitial is the initial rate 
of decline in IG after t=0, and Voscillation is the rate of increase of IG in the shade. Xinitial min is in minutes, all other variables are dimensionless.  
Chromosome Position maf Trait p-value q Effect 
1 74491213 0.11 IGΣ shade 8.95E-06 0.097 - 
2 67574126 0.46 Vinitial 4.68E-07 0.019 + 
2 67574208 0.47 Vinitial 7.17E-07 0.019 + 
3 6308946 0.04 IGoscillation max 5.15E-07 0.018 - 
 0.04 IGΣ shade 5.64E-06 0.088 - 
3 66050774 0.10 IGΣ shade 6.46E-06 0.088 - 
4 9417983 0.03 IGshade 7.04E-07 0.038 + 
 0.03 IGoscillation max 6.66E-07 0.018 + 
 0.03 IGΣ shade 3.30E-06 0.088 + 
9 52156808 0.08 IGshade 2.37E-06 0.064 + 




























encodes an F-box protein whose protein sequence is similar to SLY1, which belongs to 
SCF-SLY1 E3 ligase complex. SCF-SLY1 E3 ligase degrades DELLA proteins that are 
involved in promoting growth. Overexpression of SLY2 can partially compensate sly1-







Encodes a clade III SAUR gene with a distinctive expression pattern in root meristems. 
It is normally expressed in the quiescent center and cortex/endodermis initials and upon 
auxin stimulation, the expression is found in the endodermal layer. Overexpression 





































Encodes a member of the Arabidopsis Pumilio (APUM) proteins containing PUF domain 
(eight repeats of approximately 36 amino acids each). PUF proteins regulate both mRNA 









Encodes a member of the Arabidopsis Pumilio (APUM) proteins containing PUF domain 
(eight repeats of approximately 36 amino acids each). PUF proteins regulate both mRNA 
stability and translation through sequence-specific binding to the 3' UTR of target 
mRNA transcripts. APUM5 is involved in susceptibility to CMV and is not required for 
bacterial or fungal pathogen resistance although its expression is induced upon bacterial 








Encodes a member of the Arabidopsis Pumilio (APUM) proteins containing PUF domain 
(eight repeats of approximately 36 amino acids each). PUF proteins regulate both mRNA 
stability and translation through sequence-specific binding to the 3' UTR of target 
mRNA transcripts. APUM5 is involved in susceptibility to CMV and is not required for 
bacterial or fungal pathogen resistance although its expression is induced upon bacterial 















Member of GRAS gene family. Semi-dominant mutant has a reduced response to far-red 







Encodes a ubiquitin-specific protease which catalyzes deubiquitination of histone H2B 
and is required for heterochromatin silencing.Loss of function mutations display 
autonomous endosperm development and embryo arrest. Loss of function also results in 






** Referred to as MIPS1 in Mitsuhashi et al 2008. Myo-inositol-1-phosphate synthase 
isoform 2. Expressed in leaf, root and silique. Immunolocalization experiments with an 






















Encodes a member of the DREB subfamily A-6 of ERF/AP2 transcription factor family 
(RAP2.4). The protein contains one AP2 domain. Role in mediating light and ethylene 







Encodes a member of the Arabidopsis Pumilio (APUM) proteins containing PUF domain 
(eight repeats of approximately 36 amino acids each). PUF proteins regulate both mRNA 



























Encodes a GTP-binding protein with similarity to yeast YPT6 . RAB6 can complement 













CAMTA2 proteins bind to the AtALMT1 promoter at in vitro. The gene itself is Al 
inducible, and AtALMT1 expression is partially repressed in camta2 mutant. The mRNA 






Growth regulating factor encoding transcription activator. One of the nine members of a 
GRF gene family, containing nuclear targeting domain. Involved in leaf development 






Encodes a protein with biochemical, structural, and biophysical characteristics of a 
NEET protein. It plays a key role in plant development, senescence, reactive oxygen 




















Encodes a mitochondrial-localized DnaJ/Heat shock protein 40 (DnaJ/Hsp40) family, 
which is involved in protein folding. It induces cell elongation during brassinosteroid 








member of EXPANSIN-LIKE. Naming convention from the Expansin Working Group 






















Encodes a thioredoxin localized in chloroplast stroma. Known as CDSP32 








Encodes PROTEOLYSIS6 (PRT6), a component of the N-end rule pathway that targets 
protein degradation through the identity of the amino-terminal residue of specific protein 
substrates. Another component of the N-end rule pathway is arginyl-tRNA:protein 
arginyltransferase (ATE). Arabidopsis contains two ATE genes: At5g05700/ATE1, 
At3g11240/ATE2. PRT6 and ATE were shown to regulate seed after-ripening, seedling 
sugar sensitivity, seedling lipid breakdown, and abscisic acid (ABA) sensitivity of 






The C-terminal portion of this protein has high homology to the C-termini of the IWS1 
(Interacts With Spt6) proteins found in yeast and humans. Interacts with transcription 















Controls flowering and is required for CO to promote flowering. It acts downstream of 
FT. Overexpression of (SOC1) AGL20 suppresses not only the late flowering of plants 
that have functional FRI and FLC alleles but also the delayed phase transitions during 
the vegetative stages of development. AGL20/SOC1 acts with AGL24 to promote 
flowering and inflorescence meristem identity.AGL20 upregulates expression of AGL24 






















Encodes a gene similar to actin-related proteins in other organisms. Member of nuclear 







15490 Encodes a protein that might have sinapic acid:UDP-glucose glucosyltransferase activity. 
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Encodes a 2,3-biphosphoglycerate-independent phosphoglycerate mutase that is involved 





























Encodes a cinnamate-4-hydroxylase. Mutations in this gene impact phenylpropanoid 











































Encodes an osmotic stress-inducible kinase that functions as a negative regulator of 






Member of Alpha-Expansin Gene Family. Naming convention from the Expansin 
Working Group (Kende et al, Plant Mol Bio). Involved in the formation of nematode-















Encodes an aquaporin homolog. Functions in arsenite transport and tolerance.When 

























































encodes a ubiquitin-protein ligase containing a HECT domain. There are six other 






Encodes a member of the NET superfamily of proteins that potentially couples different 
membranes to the actin cytoskeleton in plant cells. It colocalizes with filamentous actin 





Figure 6.1: Sample IG, and stomatal conductance to water vapor (gs), response curves for two Sorghum bicolor (L.) Moench plants, where IG is 
in theory linearly related to gs. Each IG response curve was measured on a single leaf of S. bicolor, acclimated to Q=750 µmol m-2 s-1 for 40 
minutes, then Q was reduced by 90% for 60 minutes at t=0, indicated by an arrow. On a subset of 64 plants, including the two shown here, the 
protocol was immediately repeated to measure gs using gas exchange. Circles show IG measurements, triangles show gs measurements. Black 
symbols are for one replicate plant of line NSL54175, white symbols are for one replicate plant of line PI525728. Here IGlight is the high-light-
acclimated value of IG, IGshade is the shade-acclimated value of IG, IGΣ shade is the area beneath the curve following the light transition, IGinitial min is 
the minimum of IG reached immediately after t=0, IGoscillation max is the maximum of IG reached during the stomatal re-opening phase, Xinitial min is 
the time at which IG reached 110% of IGinitial min, Vinitial is the initial rate of decline in IG after t=0, and Voscillation is the rate of increase of IG in the 
shade. Xinitial min is in minutes, all other variables are dimensionless. Equivalent parameters were derived from gs response curves in order to 
















Derived from IG 
(thermal imaging) 
NSL54175 0.72 0.69 0.27 0.74 23.6 270 0.28 0.01625 
 PI525728 0.46 0.07 0.00 0.10 3.5 29 1.35 0.00051 
Derived from gs (gas 
exchange) 
NSL54175 0.16 0.07 0.05 0.07 18.0 48 0.23 0.00072 





Figure 6.2: Correlation plots between physiological variables derived from IG response curves (Y-axis) and their counterparts derived from 
stomatal conductance to water vapor (gs) response curves (X-axis), where IG is in theory a proxy for gs. Each curve was measured on a single leaf 
of Sorghum bicolor (L.) Moench, acclimated to Q=750 µmol m-2 s-1 for 40 minutes, then Q was reduced by 90% for 60 minutes. Here IGlight is the 
high-light-acclimated value of IG, IGshade is the shade-acclimated value of IG, IGΣ shade is the area beneath the curve following the light transition, 
IGinitial min is the minimum of IG reached immediately after t=0, IGoscillation max is the maximum of IG reached during the stomatal re-opening phase, 
Xinitial min is the time at which IG reached 110% of IGinitial min, Vinitial is the initial rate of decline in IG after t=0, and Voscillation is the rate of increase of 
IG in the shade. Xinitial min is in minutes, all other variables are dimensionless. Leaves were first imaged using a thermal camera to calculate IG, 
then the protocol was immediately repeated to measure gs using gas exchange on a subset of 64 individual plants. Equivalent parameters were 
derived from gs response curves and tested for correlation against IG measurements. Values in each figure are the Spearman rank correlation 






Figure 6.3: Sample IG response curves for a subset of six Sorghum bicolor (L.) Moench lines, where IG is in theory linearly related to stomatal 
conductance to water vapor (gs). Each curve was measured on a single leaf of S. bicolor, acclimated to Q=750 µmol m-2 s-1 for 40 minutes, then Q 
was reduced by 90% for 60 minutes. An arrow indicates the time at t=0 when the light was dimmed. Symbols represent measurements on 3-4 
distinct replicate plants for each line. Here IGlight is the high-light-acclimated value of IG, IGshade is the shade-acclimated value of IG, IGΣ shade is 
the area beneath the curve following the light transition, IGinitial min is the minimum of IG reached immediately after t=0, IGoscillation max is the 
maximum of IG reached during the stomatal re-opening phase, Xinitial min is the time at which IG reached 110% of IGinitial min, Vinitial is the initial rate 
of decline in IG after t=0, and Voscillation is the rate of increase of IG in the shade. Xinitial min is in minutes, all other variables are dimensionless. 
Values in the table are the mean of these physiological variables for each of these line. 
 







shade Vinitial Voscillation 
NSL50717 0.69 0.42 0.09 0.32 5.6 179 0.76 0.021 
PI267653 0.34 0.06 0.01 0.09 2.4 30 1.58 0.001 
PI329646 0.81 0.20 0.07 0.26 4.9 106 0.96 0.008 
PI552851 0.84 0.29 0.18 0.36 7.5 150 0.41 0.003 
PI660605 0.64 0.10 0.05 0.11 6.1 58 0.48 0.003 




 Figure 6.4: Pairwise correlation plots between physiological variables derived from IG response curves, where IG is in theory linearly related to 
stomatal conductance to water vapor (gs). Each curve was measured on a single leaf of Sorghum bicolor (L.) Moench, acclimated to Q=750 µmol 
m-2 s-1 for 40 minutes, then Q was reduced by 90% for 60 minutes. Here IGlight is the high-light-acclimated value of IG, IGΣ shade is the area 
beneath the curve following the light transition, Xinitial min is the time at which IG reached 110% of its minimum after t=0, Vinitial is the initial rate of 
decline in IG after t=0, and Voscillation is the rate of increase of IG in the shade. Measurements were taken on over 2300 plants, with 3-4 replicate 







Figure 6.5: Manhattan plots for GWAS results on the area beneath the curve following the transition from high to low incident photon flux (IGΣ 
shade), the shade-acclimated value of IG (IGshade), the maximum of IG reached during the stomatal re-opening phase (IGoscillation max), and the initial 







Figure 6.6: LD heatmaps for markers significantly associated with the area beneath the curve following the transition from high to low incident 
photon flux (IGΣ shade), the shade-acclimated value of IG (IGshade), the maximum of IG reached during the stomatal re-opening phase (IGoscillation 
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Chapter 7: Photosynthesis and stomatal conductance under fluctuating light show potential for 
the improvement of water-use efficiency in Sorghum bicolor 
Abstract 
Climate change is placing increased strain on water supply to rainfed cropping systems. 
Countering this challenge requires the development of crops with improved water-use efficiency 
of photosynthetic carbon assimilation. Water-use efficiency is primarily studied at steady-state, 
yet in field crops fluctuating light conditions are at least equally important. In particular, efficient 
water-use requires coordination of photosynthetic metabolism with the activity of stomata, 
specialized cellular complexes which regulate CO2 and water fluxes between the leaf and 
atmosphere. Stomata are observed to be slower than photosynthesis to react to decreasing light, 
such that accelerated stomatal response could improve water-use efficiency in fluctuating light. 
We examined the net rate of photosynthetic CO2 uptake (A), stomatal conductance to water 
vapor (gs) and intrinsic leaf water-use efficiency (iWUE, where iWUE=A/gs) in 18 lines of 
Sorghum bicolor (L.) Moench under steady-state and dynamic light. Measurements of stomatal 
patterning and anatomy were taken on the same leaves using an optical topometer. There was 
more genotypic variability in iWUE under fluctuating than steady-state conditions. This was 
associated with varying responses of A and gs to light. Both A and gs tended to either slowly 
decline to a new steady-state, or rapidly drop, undershoot, and then increase to a new steady-
state; in both cases the behavior of A and gs were strongly coordinated. Because rapid stomatal 
closure was associated with a rapid drop in A, gs response speed alone was not necessarily 
associated with improved iWUE, and the response dynamics of A were equally important. This 
coordinated response of A and gs seemed to be due to stomata responding to changes in A, 
possibly via sensing of intercellular [CO2] (ci) or mesophyll signaling. However, these traits were 
183 
 
also loosely associated with physical stomatal characteristics. We conclude that between 
different lines of S. bicolor, dynamic iWUE is more variable than steady-state iWUE, and that 
stomatal sensitivity to signaling factors may be a better target for improvement of dynamic 
iWUE than the physical characteristics of the stomata themselves. 
Abbreviations 
A: Net leaf rate of photosynthetic CO2 assimilation (µmol m-2 s-1) 
Asat: Light-saturated A (µmol m-2 s-1)  
Asteady: Mean of steady-state A measured throughout the response of A to Q (µmol m-2 s-1) 
Σ ∆ A: Area under the curve for the response of A to Q, with Asteady subtracted in order to isolate 
the dynamic component of the measurement (µmol m-2) (see example, Fig. 7.1b)  
ci: intercellular [CO2] (ppm) 
GC W: Guard cell width (µm) 
gs: Stomatal conductance to water vapor (mol m-2 s-1) 
gs sat: Light-saturated gs (mol m-2 s-1) 
gs steady: Mean of steady-state gs measured throughout the response of A to Q (mol m-2 s-1) 
Σ ∆ gs: Area under the curve for the response of gs to Q, with gs steady subtracted in order to isolate 
the dynamic component of the measurement (mol m-2) (see example, Fig. 7.1b)  
iWUE: intrinsic water-use efficiency, where iWUE=A/gs (µmol mol-1) 
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iWUEslope: Slope of linear correlation of A to gs at steady-state, i.e. measure of steady-state iWUE 
(µmol mol-1) 
iWUEsteady: Mean of steady-state iWUE measured throughout the response of A to Q (µmol mol-1) 
Σ ∆ iWUE: Area under the curve for the response of iWUE to Q, with iWUE steady subtracted in order 
to isolate the dynamic component of the measurement (µmol mol-1) (see example, Fig. 7.1b) 
SCW: Subsidiary cell width (µm) 
SD: Stomatal density (stomata mm-2) 
SL: Length of the stomatal complex (µm) 
Introduction 
Water is the primary limiting factor to agriculture: as precipitation patterns become increasingly 
unpredictable, and atmospheric vapor pressure deficit rises due to climate change, the challenge 
of supplying sufficient water to crops may become more difficult (Gago et al., 2014; Ghannoum, 
2009; Lobell et al., 2008; Ort and Long, 2014; Schmidhuber and Tubiello, 2007; WWAP, 2015). 
The past 60 years have seen major breakthroughs in breeding that have tripled the productivity of 
major crops such as maize and rice, however this increase has been in tandem with crop water 
consumption (Ort and Long, 2014). It is vital that modern crop improvement efforts target water-
use efficiency (Bonsch et al., 2016; Morris et al., 2013).  
All higher plants experience a tradeoff between net photosynthetic carbon assimilation (A) and 
water loss through transpiration (Franks and Farquhar, 2007; Kollist et al., 2014; Lawson and 
Blatt, 2014; Lawson et al., 2011). This is because the pathway for CO2 entry into the leaf, via 
specialized pores called stomata, allows an escape route for water vapor. At the leaf level, this 
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exchange in gaseous fluxes is largely regulated by stomata; with the number of stomata per unit 
leaf area (SD, i.e. stomatal density), the size of stomatal cells, and stomatal aperture affecting the 
overall stomatal conductance to water vapor (gs). Whereas SD and the size of stomata are fixed 
once a leaf has fully matured, stomatal aperture is dynamic and responds to various 
environmental signals including light, atmospheric [CO2] and atmospheric vapor pressure deficit 
(Assmann and Jegla, 2016; Assmann and Shimazaki, 1999; Ball et al., 1987; Engineer et al., 
2016; Fan et al., 2004; Lawson and Blatt, 2014; Lawson et al., 2011; Shimazaki et al., 2007). 
Given the importance of A and gs to plant fitness and general physiology, these traits have been 
examined in depth and across a wide diversity of species and environments (Long et al., 1993; 
Wullschleger, 1993). However, there has been significantly more focus on measuring and 
modeling photosynthesis under steady-state conditions (Ball et al., 1987; von Caemmerer, 2000; 
von Caemmerer and Farquhar, 1981; von Caemmerer and Furbank, 1999). 
Outdoor plants rarely experience lasting steady-state conditions, as their environment is in 
constant flux in terms of wind, solar radiation, and temperature (Kaiser et al., 2015; Pearcy, 
1990; Vialet-Chabrand et al., 2017). This is particularly true in crop canopies, where ca. 50% of 
stand productivity may be attributed to lower canopy leaves that are constantly moving in and 
out of the transient shade caused by leaves above them (Baker et al., 1988; Hikosaka et al., 2016; 
Long, 1983; Pearcy, 1990; Pignon et al., 2017; Way and Pearcy, 2012). Recent breakthroughs in 
improving photosynthetic CO2 uptake under fluctuating light have demonstrated the value of 
considering leaf behavior outside the scope of steady-state conditions (Kromdijk et al., 2016).  
Fluctuating environments can cause a complete de-synchronization between stomata and 
photosynthetic metabolism, resulting in a loss in carbon gain, water-use efficiency, or both 
(Lawson and Weyers, 1999; McAusland et al., 2016; Weyers and Lawson, 1997). If conditions 
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are favorable for A but gs is low, A will be limited by access to atmospheric [CO2]. Conversely, if 
A is low but gs is high, an unnecessary surplus in transpiration will occur, substantially 
decreasing iWUE. gs typically responds an order of magnitude more slowly than A to a reduction 
in incident photon flux (Q) (Lawson and Blatt, 2014; Lawson et al., 2011; McAusland et al., 
2016; Way and Pearcy, 2012), even showing a short lag before beginning to decline to a new 
steady-state over the course of several minutes (Hetherington and Woodward, 2003). It may 
therefore be possible to improve the intrinsic water-use efficiency (iWUE, where iWUE=A/gs) of 
field crops by accelerating the movement speed of their stomata. Previous estimations have 
suggested that synchronization between A and gs in response to fluctuating light could yield 
benefits to both productivity and iWUE of up to 30% (Lawson and Blatt, 2014; McAusland et 
al., 2016). If so, it would be of interest to screen for genetic variation in the dynamic responses 
of A and gs in crop species, to assess the potential for improvement through breeding. 
In this chapter genetic variation in dynamic and steady-state components of A and gs in the C4 crop 
Sorghum bicolor (L.) Moench is explored. S. bicolor is an important food and feed crop around 
the world, and is characterized by highly efficient photosynthesis, high productivity and drought-
tolerance (Casa et al., 2008; Morris et al., 2013). Its ability for low-input productivity has also 
garnered interest for lignocellulosic biofuel production (Bennett et al., 1990). In this study, 
variation in dynamic and steady-state A and gs in response to changes in light intensity was 
analyzed in 18 selected lines from the University of Illinois S. bicolor diversity population. In 




Materials and methods 
Sorghum diversity panel development 
The S. bicolor lines used in this study represent a subset of the WEST and TERRA-MEPP 
biomass sorghum diversity panel at the University of Illinois at Urbana-Champaign. 18 lines 
were selected based on either fast or slow stomatal movement under fluctuating light in a prior 
seedling screen (see Chapter 6). The panel is comprised of 339 lines obtained from the National 
Plant Germplasm System (USDA-NPGS), 117 lines obtained from Steve Kresovich’s panel 
(Brenton et al., 2016), 273 lines from Jianming Yu’s Panel (Yu et al., 2016) and 140 lines from 
John Burke (USDA - Lubbock, TX).  
Plant material and growing conditions 
S. bicolor seeds were planted at the end of May in 3 m rows at 25 seeds m-1, in plots of four rows 
spaced 76 cm apart, on the farm of the University of Illinois Agricultural Research Station near 
Champaign, IL, USA (40°02’N, 5 88°14’W, 228m above sea level). Soils at this site are deep 
Drummer/Flanagan series (a fine silty, mixed, mesic Typic Endoaquoll) with high organic matter 
typical of the central Illinois Corn Belt. Plants were fertilized with 1.1 kg/ha N and rainfed. In 
August of 2017, the youngest fully expanded leaf, as evidenced by ligule emergence, was 
sampled from n=3-5 plants of each of 18 selected lines. Leaves were cut pre-dawn from each 
plant, immediately recut under water and kept immersed, then transferred to the laboratory for 
analysis, as in (Leakey et al., 2006).  
Gas exchange measurements 
Leaves were placed in the cuvette of a portable open path gas-exchange system incorporating 
infra-red CO2 and water vapor analyzers (LI-COR 6400; LI-COR, Inc., Lincoln, NE USA). 
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Incident photon flux was set to 2000 μmol m-2 s-1, block temperature to 25 °C, [CO2] to 400 ppm 
and leaf-to-air water vapor pressure deficit maintained at <2 kPa. Light was provided by the 
integrated red (635 nm wavelength) and blue (465 nm wavelength) light-emitting diodes (LED), 
with 10% blue, and 90% red light. Leaves were acclimated to these conditions for an hour, then 
measurements were initiated. A-Q curves were measured by progressively decreasing Q (2000, 
1500, 1000, 500, 200, 100, and 0 μmol m-2 s-1), with 16 minutes at each step (Fig. 7.1 a). 
Throughout the experiment, gas-exchange data were recorded every 10 s and A, gs, and ci 
calculated following (von Caemmerer and Farquhar, 1981). The first 50 s of measurements after 
each change in Q were discarded to avoid artefacts due to fluctuating microenvironment, in 
particular changing leaf and air temperature (Pearcy, 1990). After each curve was completed, 
leaf tissue was sampled from the measurement area and immediately placed in liquid N2 for 
subsequent stomatal density and morphology measurements.  
Response curve analysis 
The maximum light-saturated net rate of photosynthetic CO2 uptake (Asat) and stomatal 
conductance (gs sat) were obtained as the steady-state values for A and gs at Q=2000 μmol m-2 s-1. 
All other measurements analyzed the entire A-Q curve (Fig. 7.1). A and gs often dropped to a 
local minimum after each consecutive change in Q, before increasing again to a new steady-state. 
In order to separately analyze these fluctuations and steady-state values, gas-exchange data 
averaged over the last 5 minutes of each level of Q were used as estimates of steady-state values 
of A, gs, and iWUE (Asteady, gs steady, iWUEsteady) (Fig. 7.1 a). The steady-state was then subtracted 
from each level of Q, and the area under the curve for the residual A, gs and iWUE was used to 
estimate the dynamic variation in each parameter following a drop in Q (Σ ∆ A, Σ ∆ gs, Σ ∆ iWUE) 
(Fig. 7.1 b). Asteady, gs steady, iWUEsteady, Σ ∆ A, Σ ∆ gs, and Σ ∆ iWUE were determined from the 
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beginning of the period at Q=1500 μmol m-2 s-1, to the end of the period at Q = 100 μmol m-2 s-1, 
i.e. this information was not recorded at Q=2000 and 0 μmol m-2 s-1. In order to facilitate 
comparisons between steady-state and dynamic components, the average per curve of Asteady, gs 
steady, and iWUEsteady was used for statistical analyses. 
Steady-state values were used to fit A-Q curves to a non-rectangular hyperbola as in (Pignon et 
al., 2017) (PROC NLIN, SAS v8.02; SAS Institute, Cary, NC, USA). Steady-state estimates 
from Q=100-2000 μmol m-2 s-1 were also used to fit the slope of A to gs as an indication of 
steady-state iWUE (iWUEslope) (PROC GLM, SAS v8.02) (Hetherington and Woodward, 2003). 
In statistical analyses, iWUEslope was used instead of iWUEsteady as an improved measure of 
steady-state iWUE throughout the A-Q curve. 
Stomatal phenotyping 
Sections of leaf tissue were mounted on a glass slide using double-faced tape, and imaged using 
an optical topometer as in (Haus et al., 2015) (µsurf Explorer, Nanofocus, Karlsruhe, Germany). 
Images of the abaxial surface were acquired through a 20x air objective (0.8 mm2 leaf surface) 
(20x M Plan APO, Olympus Corporation, Tokyo, Japan) and a 50x air objective (0.32 mm2 leaf 
surface) (50x UM Plan FL N, Olympus Corporation). Serial optical sections were measured in 
the z-axis at a depth of ca. 40 µm at 20x, and 20 µm at 50x, then rendered into a 3D 
reconstruction of the leaf epidermis (µsurf Metrology, Nanofocus). A single image per leaf was 
taken at 50x; at 20x four images were taken at randomly selected leaf positions. 20x images were 
used to measure stomatal density (SD), and 50x images used to measure length of the stomatal 




A simple analysis was performed to determine whether there was pairwise linear correlation, at 
p<0.05 (significant) and p<0.1 (somewhat significant) thresholds, between the average per leaf 
for SD, SL, SCW, GCW, and the following gas-exchange parameters: Asat, gs sat, iWUEslope, Asteady, 
gs steady, Σ ∆ A, Σ ∆ gs, and Σ ∆ iWUE (PROC CORR, SAS Institute). A similar analysis was used to 
determine whether Σ ∆ A and Σ ∆ gs were correlated.  In order to determine variation between S. 
bicolor lines for these traits, ANOVA was used to test for the fixed effect of S. bicolor line on 
each parameters, at a p<0.05 (significant) and p<0.1 (somewhat significant) thresholds (PROC 
GLM, SAS Institute). For gas-exchange parameters there was a single measurement per leaf, at 
n=3-5 leaves per S. bicolor line, and measurements were taken throughout the day: therefore a 
fixed effect for time of day was included in the model for these measures.  
For stomatal anatomical parameters the time of measurement was irrelevant. However, there 
were four sub-samples per leaf, i.e. four leaf areas per leaf measurement of SD, and four stomata 
per leaf measurement of SL, SCW and GCW. Therefore a random effect for leaf sub-sample was 
also included in the model for these measures (PROC MIXED, SAS Institute). Homogeneity of 
variances was tested by Levene and normality of studentized residuals tested by Shapiro-Wilke 
(PROC UNIVARIATE, SAS Institute) at p=0.01 threshold. Graphical displays were made with 
SigmaPlot 11.0 software (Systat Software Inc., San Jose, CA, USA). 
Results 
Variation between S. bicolor lines 
There was 2-fold variation in Asat and gs sat, with significant differences between S. bicolor lines 
(Table 7.1, Fig. 7.2 a, b). However, this did not translate to as much between-line variation in 
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steady-state iWUE (iWUEslope), which was not significantly different between lines (Fig. 7.1 c). 
When analyzing data throughout the measurement process, the steady-state components of A and 
gs (Asteady, gs steady) were significantly different between S. bicolor lines (Table 7.1). Additionally, 
the dynamic components of A, gs and iWUE (Σ ∆ A, Σ ∆ gs, Σ ∆ iWUE) all differed between S. bicolor 
lines, with ca. two-fold variation in Σ ∆ iWUE (Table 7.1, Fig. 7.3). This variation occurred 
independently of steady-state measurements: for instance, lines PI329656 and PI453257 had 
virtually identical levels of A and gs at the steady-state, yet their short-term responses to a change 
in Q differed substantially (Fig. 7.4). This indicates there was more variability in the population 
in terms of dynamic than steady-state iWUE. 
As would be expected, A and gs overall declined with Q (Fig 4 a, b). S. bicolor lines recorded 
different results for Σ ∆ A and Σ ∆ gs, including both positive and negative values (Table 7.1). This 
could be explained by noticeably different behaviors in response to each drop in Q: for instance, 
in line PI153852, A decayed gradually over several minutes, leading to Σ ∆ A >0 (Fig. 7.3 a, b). In 
contrast, in PI329656 A declined abruptly and significantly undershot the steady-state level, 
before increasing again over the course of several minutes; this led to Σ ∆ A <0. Each line's 
behavior in Σ ∆ A was generally mirrored by Σ ∆ gs, and both parameters were very significantly 
(p<0.01) and positively correlated (Fig. 7.5 c). gs in general took longer to decline, with most 
lines having Σ ∆ gs >0 (Fig. 7.3 c, d).  
Even the maximal value for Σ ∆ iWUE, seen in line PI276788 was <0 on average: this indicates that 
in all lines, the dynamic component of iWUE was generally lower than the steady-state value 
throughout the majority of each period of Q (Table 7.1, Fig. 7.1 b, Fig. 7.3 e, f). This was 
because in virtually all measurements, iWUE decreased following each drop in Q before then 
increasing to a new steady-state over several minutes (Fig. 7.4 c). Atop these variations at each 
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level of Q, iWUE progressively dropped throughout the entire experiment. The opposite response 
was seen for ci, which increased markedly after each drop in Q, then steadily decreased to a 
steady state (Fig. 7.4 d). Throughout the entire measurement ci generally increased, such that it 
was always roughly equal or greater to its level at the start of the curve (i.e. steady-state ci at 
Q=2000 µmol m-2 s-1).  
Compared to between-line comparisons of gas-exchange measurements, the analysis of 
anatomical characteristics of the stomata was more decisive: differences in SD, SL, SCW and GCW 
between lines were all highly significant (p<0.001) (Table 7.1). There were up to 2-fold overall 
difference between lines for parameters describing stomatal patterning and anatomy (Fig. 7.5, 
Fig. 7.6). 
Relationships between leaf gas-exchange and stomatal characteristics 
There was a consistent tradeoff between SD and stomatal size, with SD very significantly 
(p<0.01) and negatively correlated with SL (Table 7.2, Fig. 7.6, Fig. 7.5b). SL also correlated 
positively with the width of subsidiary cells (SCW), yet was negatively correlated with guard cell 
width (GCW); indicating that longer stomata were characterized by wider subsidiary cells and 
somewhat thinner guard cells (Table 7.2).  
Many aspects of both steady-state and fluctuating gas-exchange measurements could be related 
to each leaf's stomatal characteristics (Table 7.2). SD was positively correlated with Asat, gs sat, 
Asteady, gs steady, and Σ ∆ iWUE, and negatively correlated with Σ ∆ A, Σ ∆ gs, and iWUEslope. SL was 
negatively correlated with Asat, gs sat and gs steady. Finally, whereas GCW was not related to any 





S. bicolor lines with relatively similar iWUE at steady-state, showed marked difference in their 
response to a decrease in Q, resulting in significant variation in the dynamic component of iWUE 
under fluctuating light (Table 7.1, Fig. 7.3, Fig. 7.4). Each step change in Q saw A and gs either 
progressively decline to a new steady-state, or rapidly drop, and then increase again to reach a 
new steady-state. This behavior was associated with leaf stomatal patterning: leaves with higher 
A, gs and lower iWUE at steady-state were associated with higher stomatal density (SD), and the 
pattern of slower, gradual decline in A and gs after a change in Q was associated with larger 
subsidiary cells and lower SD (Table 7.2, Fig. 7.5). 
Significant variation under fluctuating light between S. bicolor lines 
Most of the measured S. bicolor lines showed Asat>30 µmol m-2 s-1, with the line PI329645 
achieving the highest Asat > 45 µmol m-2 s-1 (Fig. 7.2 a): this is comparable to rates achieved by 
other productive C4 crop grasses such as Zea mays L. (Leakey et al., 2006; Pignon et al., 2017) 
and Saccharum officinarum L. (Sage et al., 2013). iWUEslope ranged from 172-235 µmol mol-1 
showing high water-use efficiency even relative to other C4 plants (Hetherington and Woodward, 
2003) (Table 7.1, Fig. 7.2c). Although there was significant genotypic variability between lines 
of S. bicolor in terms of A and gs, iWUE was more conserved: there was only ca. 35% difference 
between the maximum and minimum values achieved for iWUEslope, compared to 75% difference 
between the maximum and minimum for both Asat and gs (Table 7.1, Fig. 7.2 a, b, c). 
When separating each A-Q curve into steady-state and fluctuating components, it became clear 
that S. bicolor lines exhibited greater diversity of iWUE under fluctuating light, than under 
constant light (Table 7.1, Fig. 7.3, Fig. 7.4). This is encouraging, as there is little variation in 
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steady-state water-use efficiency among crops within the C3 and C4 photosynthetic pathways, 
even between different species (DeLucia et al., 2014; Shantz and Piemeisel, 1927). Faster 
stomatal closure is associated with faster stomatal opening (McAusland et al., 2016), therefore 
lines that performed better under dimming light, will also likely be advantaged under bi-
directional light intensity changes. Our results reinforce the idea that dynamic responses to 
fluctuating light may be a better target for improvement of crop water-use efficiency through 
breeding, rather than improvement of steady-state metabolism (Kollist et al., 2014; Lawson and 
Blatt, 2014; McAusland et al., 2016). This could have synergistic effects with the recent 
advances made in improving A under fluctuating light (Kromdijk et al., 2016). 
A and gs remain coordinated in fluctuating light in S. bicolor 
In all lines of S. bicolor, stomatal closure occurred over several minutes following a drop in Q 
(Fig. 7.4 b); as in other species this process was somewhat lengthier than the concomitant 
reduction in A (Fig. 7.4 a) (Kollist et al., 2014; Lawson et al., 2011; Pearcy, 1990; Way and 
Pearcy, 2012). Variation in iWUE is by definition driven by the dynamic responses of A and gs, 
and the result of generally slower decline in gs than in A was a ubiquitous loss of iWUE after 
each drop in Q (Fig. 7.4 c). Even so, there was remarkable coordination between A and gs: even 
in the two lines with highest (PI453257) and lowest (PI329656) Σ ∆ gs, patterns of either steady 
decline or undershoot of gs were closely mirrored by A (Fig. 7.4 a, b, Fig. 7.5 c). The strong 
coordination of A and gs in S. bicolor has been observed previously, and is in stark contrast to the 
utter lack of coordination of A and gs seen in other plant species, including grasses such as wheat 
(T. aestivum) or barley (H. vulgare) (McAusland et al., 2016). 
The similarity between undershoots in gs and A following a decrease in Q could be interpreted as 
excess stomatal closure imposing a temporary restriction on A, with this limitation relaxing as 
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stomata reopen (Fig. 7.4 a, b). However, any restriction to A through gs should be primarily due 
to CO2-limitation of photosynthesis, and so correspond to a reduction in ci (Farquhar and 
Sharkey, 1982; Kaiser et al., 2015; Long and Bernacchi, 2003). Instead, ci increased throughout 
the experiment, indicating that the undershoot behavior in A was not due to CO2 limitation, and 
therefore not caused by gs (e.g. Fig. 7.4 d). Furthermore stomatal limitation to A is generally 
reduced at low light (Farquhar and Sharkey, 1982).  
In C3 plants, a post-illumination "CO2 burst" is commonly observed as a temporary loss in 
observed A, yet this is due to the decarboxylation of photorespiratory metabolites, and so 
unlikely to be significant in C4 leaves, which largely suppress photorespiration (Doncaster et al., 
1989; Kaiser et al., 2015; Pearcy, 1990). A could be temporarily inhibited at low light by the 
slow relaxation of photoprotective mechanisms induced at high light (Kaiser et al., 2015; 
Kromdijk et al., 2016).  
It is theorized that C4 photosynthesis is less phenotypically plastic than C3 in variable 
environments and in particular under fluctuating light (Krall and Pearcy, 1993; Sage and 
McKown, 2006). Notably, efficient photosynthesis in leaves using the C4 Kranz anatomy 
depends on tight coordination between bundle-sheath and mesophyll processes. Maintaining this 
coordination requires precise regulatory control between bundle-sheath and mesophyll cells, and 
is likely difficult under fluctuating light, which may cause localized imbalances in energetic 
compounds or metabolite pools within different leaf compartments (Sage and McKown, 2006). 
In C3 leaves, these photosynthetic processes occur only in the mesophyll compartment, allowing 
acclimation processes in individual cells and greater flexibility overall.  
The contrasting patterns of dynamic A (Fig. 7.3 a, b) may reflect different degrees of phenotypic 
plasticity in lines of S. bicolor, with lower Σ ∆ A associated with severely constrained phenotypic 
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plasticity under fluctuating light. For instance, a transient inhibition of A in Z. mays following a 
transition from high to low Q has been previously reported (Doncaster et al., 1989). In this paper, 
a temporary imbalance between pools of intermediates such as pyruvate, triose phosphates and 
PGA, was suggested to temporarily strain the chloroplast's ATP supply and limit A. This may 
explain why some plants are able to maintain post-illumination CO2 fixation, seemingly through 
improved maintenance of Calvin cycle intermediates and energetic compounds (Kaiser et al., 
2015; Leegood and Von Caemmerer, 1989).  
In understory environments, sunflecks may provide the majority of photons, and leaves must 
maintain their photosynthetic apparatus in an active, induced state between sunflecks in order to 
maximize use of photons when they are available (Pearcy, 1990; Sage and McKown, 2006). The 
half-time for the relaxation of photosynthetic induction may be as long as 30 minutes in the C3 
Allocasia macrorrhiza  (L.) G.Don.(Chazdon and Pearcy, 1986), and as short as 2.4 minutes in 
the C4 Microstegium vimineum (Trin.) A. Camus (Horton and Neufeld, 1998), pointing to 
possible inefficiencies in dynamic C4 photosynthesis (Sage and McKown, 2006). Here, S. bicolor 
accessions with greater Σ ∆ A may be better able to maintain photosynthetic enzymes in an 
induced state, for instance by maintaining high gradients between the metabolite pools of 
mesophyll and bundle-sheath compartments, and maintaining active forms of key C4 enzymes 
(Sage and McKown, 2006). Some of these mechanisms may underlie the observed variation in 
inhibition of A after a change in Q in S. bicolor, but they do not explain variation in dynamic gs 
(Fig. 7.3 a, b, c, d). 
Do stomata track changes in A under fluctuating light? 
One sensible explanation for the coordinated behavior of A and gs, is that stomata responded to 
dynamic changes in A (Fig. 7.4 a, b, Fig. 7.5 c). For instance, the coordination of stomatal 
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aperture in response to A could have occurred via its indirect effect on ci, as can be seen in Fig. 
7.4d. Sensing of ci by stomata is thought to be an indirect means by which stomata respond to 
red light (Assmann and Jegla, 2016; Assmann and Shimazaki, 1999; Engineer et al., 2016; Fan et 
al., 2004; Farquhar and Sharkey, 1982; Lawson et al., 2011; Shimazaki et al., 2007). However, 
the exact role of ci, or photosynthesis in general, in dictating stomatal movement is unclear: there 
are numerous observations of stomata opening during light induction even after A has stabilized 
(McAusland et al., 2016), and transgenic tobacco plants with reduced A and increased ci showed 
no discernible difference in dynamic or steady-state gs (von Caemmerer et al., 2004). Whereas 
sensitivity to ci of the photosynthetic metabolism is well described (Farquhar et al., 1980; Kaiser 
et al., 2015; Long et al., 2004; von Caemmerer and Furbank, 1999), the sensing of ci by stomata 
is not yet fully understood (Assmann and Jegla, 2016; Cousins et al., 2007; Kollist et al., 2014; 
Lawson et al., 2011; Merilo et al., 2014).  
It is unclear whether CO2 is sensed in the guard cells, or whether mesophyll signals permit a 
more direct reaction to A, in addition to or independently of ci (Engineer et al., 2016; Lawson et 
al., 2011; Mott, 2009). For instance, stomata of isolated epidermal peels lost their sensitivity to 
changes in CO2 and light, but regained this sensitivity once grafted onto the mesophyll of another 
leaf (Mott et al., 2008). Stomata of isolated epidermis tissues responded to air ions, suggesting a 
possible role of vapor-phase ions in transmitting mesophyll signals to stomata (Mott et al., 
2014). 
Given that gs is generally slower than A to respond to fluctuating Q, it is predicted that for a 
given level of A, a faster gs response will improve iWUE under fluctuating light (Lawson and 
Blatt, 2014; Vialet-Chabrand et al., 2017). However, we show that in S. bicolor the speed of gs 
response is tightly linked to that of A: therefore rapid decline in gs after a change in Q cannot be 
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considered independently as a benefit to iWUE, since it is largely associated with a deleterious 
inhibition in A (Fig. 7.4 a, b). The optimal leaf behavior following a drop in Q should be a slow 
decline in A with minimal undershoot, but a rapid decline in gs. Increasing stomatal sensitivity to 
A, possibly via sensing of ci or mesophyll signals, may enable rapid stomatal closure without an 
associated inhibition of A. Recently, enzymes such as carbonic anhydrase (Engineer et al., 2016) 
and PEP carboxylase (Cousins et al., 2007) have been suggested to play a role in the 
photosynthesis-to-stomata signaling pathway. Having identified lines within a single species, S. 
bicolor, with different dynamic behavior of A and gs under fluctuating light, it would be 
worthwhile to investigate whether these lines also show different activities of enzymes such as 
PEP carboxylase or carbonic anhydrase. 
All the leaves sampled here were from the top of the canopy; in S. bicolor as in other grasses 
these leaves, though developed in and adapted to full sunlight, will become overshadowed by 
younger leaves over the course of canopy development. This fixed leaf structure limits the ability 
to shade-acclimate, and may exacerbate physical limitations to dynamic A. Indeed, loss of 
efficiency of steady-state light-limited photosynthesis has already been demonstrated in lower-
canopy leaves of the closely related C4 grasses Z. mays and Miscanthus x giganteus Greef et 
Deu. (Pignon et al., 2017). Improved performance under fluctuating light of these lower canopy 
leaves could be even more beneficial than for the upper canopy leaves studied here in terms of 
determining canopy-scale A and iWUE, since the light environment of the lower canopy is far 
more variable than that of the upper canopy (Pearcy, 1990). 
Physical characteristics of stomata 
Differences between S. bicolor lines in terms of stomatal patterning and size were readily 
apparent (Table 7.1, Fig. 7.2 d, e, f, Fig. 7.6). SD was highest at ca. 125 stomata mm-2, and SL 
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lowest at ca. 38 µm, in PI329719 (Fig. 7.2 e, f, Fig. 7.6). This line also had the second-highest 
levels of Asat and gs sat (Fig. 7.2 a, b). SD ranging from 71-125 stomata mm-2, and SL from 38.4-
48.1 µm, place S. bicolor in the upper ranges of SD and lower ranges of SL relative to other 
grasses and plants in general (Hetherington and Woodward, 2003). 
There is a strong negative correlation between stomatal density and stomatal size (Hetherington 
and Woodward, 2003), even in plants where SD is modified through genetic manipulation 
(Doheny-Adams et al., 2012). These competing factors have been predicted through modeling of 
stomatal gas exchange to cancel each other out and result in equivalent levels of gs (Beerling and 
Woodward, 1997). Accordingly, leaves with different stomatal characters have been observed 
experimentally in barley to have similar overall levels of gs (Jones, 1977), this was also seen in 
poplar (Pallardy and Kozlowski, 1979). However, C4 grasses are able to reduce their maximal 
level of stomatal conductance through modified stomatal patterning, specifically by developing 
smaller stomata at a given SD, to a greater extent than related C3 grasses (Taylor et al., 2012). In 
the plants examined here, high SD led to higher light-saturated gs (gs sat) despite also being 
associated with smaller stomata (Table 7.2, Fig. 7.5 a, b). Therefore, whereas in other species 
differences in SD and stomatal size may cancel each other out in their effect on overall gs, in S. 
bicolor SD is an important determinant of gs sat.  
Smaller stomata are generally associated with faster stomatal opening (Drake et al., 2013) and 
closure (Aasamaa et al., 2001).  This is believed to be the consequence of a greater surface-to-
volume ratio which enables faster transport of solutes required for guard cell turgor manipulation 
(Drake et al., 2013; Hetherington and Woodward, 2003; Kaiser et al., 2015; Kollist et al., 2014; 
Lawson and Blatt, 2014). There was no evidence in our study that size of the entire stomatal 
complex (SL) was related to the dynamics of stomatal closure (Table 7.2). However, the width of 
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the subsidiary cells (SCW) was related to the dynamic behavior of A and gs, as wider subsidiary 
cells were associated with increased Σ ∆ A and Σ ∆ gs (Table 7.2, Fig. 7.5 d). Subsidiary cells are 
specific to the stomata of grasses and are thought to accelerate stomatal movement and improve 
water-use efficiency. This is achieved by maximizing the effect on aperture of small changes in 
guard and subsidiary cell turgor (Cai et al., 2017; Franks and Farquhar, 2007; Grantz and 
Assmann, 1991; Hetherington and Woodward, 2003; Kollist et al., 2014; Lawson and Blatt, 
2014; McAusland et al., 2016; Serna, 2011). Leaves with slimmer subsidiary cells may therefore 
achieve faster stomatal closure, and the associated undershoot of gs (Fig. 7.3 c, d).  
Although stomatal characteristics were significantly associated with gas exchange parameters, 
low r2 values indicate they generally explained less than 15% of the observed variance in gas-
exchange parameters (Asat, gs sat, iWUEslope, Asteady, gs steady, Σ ∆ A, Σ ∆ gs, and Σ ∆ iWUE) (Table 7.2, 
Fig. 7.5 a, d). This underscores the importance of stomatal aperture in relating the physical 
characteristics of stomata to overall in vivo leaf behavior. Indeed, stomatal aperture is predicted 
to be a greater determinant of gs than the fixed traits of SD or stomatal morphology (Weyers and 
Lawson, 1997), and is impacted by numerous external factors such as leaf age and stress history 
as well as environmental conditions (Lawson and Blatt, 2014). Therefore, targeting the 
regulation of stomatal aperture via the detection and response to environmental signals may be a 
better means of improving plant iWUE, compared to targeting modifications in stomatal structure 
and patterning, yet has received far less attention. 
Conclusion 
Variation in iWUE between lines of S. bicolor was greater under fluctuating than steady-state 
light, indicating this as an unexploited opportunity for selecting for increased iWUE in S. bicolor. 
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This was due to variable kinetics of A and gs after a reduction in Q. Stomata with slimmer 
subsidiary cells seemed to enable more rapid change in gs, yet this was generally associated with 
a rapid decline and temporary inhibition of A. For iWUE to be optimized during sun to shade 
transitions within the crop canopy would require a slow change in A with minimal inhibition, but 
a rapid change in gs. Dissociating the dynamic responses of A and gs in this way may potentially 
be achieved by increasing stomatal sensitivity to changes in A, possibly via sharpened sensing of 
ci or mesophyll signals. The significant association of dynamic iWUE with different S. bicolor 
lines suggests that this property may be easier to improve through breeding than steady-state 
iWUE, and stomatal sensitivity to fluctuating environmental signals may be a better target for 
improvement of dynamic iWUE than the physical characteristics of the stomata themselves.  
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Tables and Figures 
Table 7.1: Basic statistics and p-values from ANOVA for the effect of S. bicolor line on several parameters describing leaf gas-exchange and 
stomatal patterning. Here Asat and gs sat are light-saturated value for A (net photosynthetic rate of CO2 assimilation) and gs (stomatal conductance 
to water vapor), respectively. iWUEslope gives the slope of A to gs at different levels of Q at steady-state, i.e. a measure of steady-state iWUE. 
Asteady and gsteady are the mean of steady-state A and gs measured throughout the response of A to Q. Σ ∆ A, Σ ∆ gs and Σ ∆ iWUE are the area under the 
curve for the response of A to Q, with steady-state values subtracted; this is in order to isolate the dynamic component of the measurement. SD is 
stomatal density, SL is length of the stomatal complex, and SCw and GCw are the width of subsidiary and guard cells, respectively. Mean, standard 
deviation, minimum and maximum in the table are for the averages per line of 18 lines of S. bicolor and not for individual leaves. p-values in 
bold gray and bold black indicate somewhat significant (p<0.1) and significant (p<0.05) differences, respectively, between S. bicolor lines. 
Parameter Mean Standard deviation Minimum Maximum 
p-value: fixed 
effect of S. bicolor 
line 
Asat (µmol m-2 s-1) 35.8 4.3 25.8 43.0 <.0001 
gs sat (mol m-2 s-1) 0.20 0.03 0.15 0.25 0.0004 
iWUEslope (µmol mol-1) 201 17 172 235 0.1377 
Asteady (µmol m-2 s-1) 25.1 2.6 19.1 29.9 0.0001 
gs steady (mol m-2 s-1) 0.14 0.02 0.11 0.18 0.0014 
Σ ∆ A (µmol m-2) -6.1 16.7 -45.0 26.9 0.0008 
Σ ∆ gs (mol m-2) 0.22 0.12 -0.03 0.39 0.0542 
Σ ∆ iWUE (µmol mol-1) -467 120 -710 -288 0.0129 
SCW (µm) 12.4 2.2 9.0 16.2 <.0001 
GCW (µm) 5.1 0.5 4.3 5.8 <.0001 
SL (µm) 44.5 2.6 38.4 48.1 <.0001 





Table 7.2: Pearson correlation statistics between leaf gas-exchange parameters and stomatal characteristics. Asat and gs sat are light-saturated value 
for A (net photosynthetic rate of CO2 assimilation) and gs (stomatal conductance to water vapor). iWUEslope gives the slope of A to gs at different 
levels of Q at steady-state, i.e. a measure of steady-state iWUE. Asteady and gsteady are the mean of steady-state A and gs measured throughout the 
response of A to Q. Σ ∆ A, Σ ∆ gs and Σ ∆ iWUE are the area under the curve for the response of A to Q, with steady-state values subtracted; this is in 
order to isolate the dynamic component of the measurement. SD is stomatal density, SL is length of the stomatal complex, and SCw and GCw are 
the width of subsidiary and guard cells, respectively. Values in the table are pairwise correlation statistics between leaf means for each parameter. 
p-values in bold black and gray indicate significant (p<0.05) and somewhat significant (p<0.1) correlation between two parameters, respectively.  




(µm) SD (stomata mm
-2) Correlation Statistic 
Asat (µmol m-2 s-1) 0.01 0.06 -0.19 0.23 r 
  0.92 0.64 0.10 0.04 p-value 
gs sat (mol m-2 s-1) 0.00 -0.01 -0.24 0.36 r 
  0.99 0.94 0.04 <.01 p-value 
iWUEslope (µmol 
mol-1) 0.03 0.12 0.12 -0.36 
r 
  0.78 0.32 0.32 <.01 p-value 
Asteady (µmol m-2 s-1) 0.03 0.05 -0.17 0.25 r 
  0.78 0.66 0.14 0.03 p-value 
gs steady (mol m-2 s-1) 0.04 -0.02 -0.21 0.37 r 
  0.75 0.85 0.07 <.01 p-value 
Σ ∆ A (µmol m-2) 0.22 0.12 0.05 -0.27 r 
  0.06 0.32 0.67 0.02 p-value 
Σ ∆ gs (mol m-2) 0.26 0.07 0.12 -0.27 r 
  0.03 0.53 0.32 0.02 p-value 
Σ ∆ iWUE (µmol mol-1) 0.02 -0.03 -0.17 0.19 r 
  0.88 0.83 0.16 0.10 p-value 
GCW (µm) -0.11    r 
  0.34     p-value 
SL (µm) 0.62 -0.20   r 
  <.01 0.08    p-value 
SD (stomata mm-2) -0.18 -0.24 -0.43  r 





Figure 7.1: Schematic of the measurement process for the response of A to Q, with separate analysis of the steady-state and dynamic components 
of each response curve. a) Time course of A throughout the measurement process. Arrows indicate sequential decreases in Q from the initial level 
of 2000 µmol m-2 s-1 (1500, 1000, 500, 200, 100, 0 µmol m-2 s-1), starting at t=0. Orange segments indicate A at steady-state (Asteady), i.e. the last 5 
minutes for each level of Q. b) Time course of the dynamic component of A of the response curve in panel a), i.e. A-Asteady. Arrows indicate 
sequential decreases in Q from the initial level of 2000 µmol m-2 s-1 (1500, 1000, 500, 200, 100 µmol m-2 s-1). The area under the curve is marked 
in gray, where the total area from the beginning of the period at Q=1500 to the end of the period at Q=100 µmol m-2 s-1 gives Σ ∆ A. The same 






Figure 7.2: Mean and standard error for each line of S. bicolor for the following parameters: a) light-saturated net photosynthetic rate of CO2 
assimilation (Asat), b) light-saturated stomatal conductance to water vapor (gs sat), c) the slope of A to gs at different levels of Q at steady-state, i.e. 





Figure 7.3: Measurements of the dynamic components of the responses of A, gs, and iWUE to Q. Panels b), e), f) give the mean and standard error 
for each line of S. bicolor for Σ ∆ A, Σ ∆ gs, and Σ ∆ iWUE, respectively. Panels a), b), c) give the average dynamic response for the lines with the 
maximum (black symbols) and minimum (white symbols) levels of Σ ∆ A, Σ ∆ gs, and Σ ∆ iWUE, respectively. Arrows indicate sequential decreases in 
Q from the initial level of 2000 µmol m-2 s-1 (1500, 1000, 500, 200, 100 µmol m-2 s-1).
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Figure 7.4: a), b), c), d): Average time course of A, gs, iWUE, and ci, respectively, for the two S. bicolor lines with highest (PI453257) and lowest 
(PI329656) values for the dynamic components of the response of gs to Q (Σ ∆ gs). Arrows indicate sequential decreases in Q from the initial level 
of 2000 µmol m-2 s-1 (2000, 1500, 1000, 500, 200, 100, 0 µmol m-2 s-1). e), f): steady-state measurements of A vs. Q, and A vs. gs, respectively, for 
these S. bicolor lines. Datapoints in e) and f) are the average value and standard error of A and gs reached during steady-state in each S. bicolor 
line at each level of Q. Lines in e) are a non-rectangular hyperbola, lines in f) are a linear regression fit to the data. 
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Figure 7.5: Mean values per leaf (datapoints) and linear regression (lines) for: a) light-saturated value for gs (gs sat) vs. stomatal density (SD), b) 
length of the stomatal complex (SL) vs. SD, c) the dynamic component of the response of A to Q (Σ ∆ A) vs. the dynamic component of the 
response of gs to Q (Σ ∆ gs), d) Σ ∆ gs vs. the width of subsidiary cells (SCW). There was a single measurement per leaf for gas-exchange parameters, 
i.e. gs sat, Σ ∆ A, Σ ∆ gs. Measurements of stomatal characteristics (SD, SL, SCW) had 4 sub-samples per leaf, therefore for this data each datapoint is a 
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Figure 7.6: Optical topometry images of leaf abaxial surfaces, measured with: a), b), 20x magnification, c, d, 50x magnification. Leaves are from 
a), c) the line with the lowest stomatal density (SD) and highest length of the stomatal complex (SL) (PI524469), b), d) the line with the highest 
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Appendix A: Chapter 1 supplementary tables 
Table A.1: List of references and corresponding C4 species collected in this study. * indicates authors who provided their datasets for this study. 
Species C4 subtype Reference 
Alloteropsis semialata J. Presl NADP-ME (Ripley et al., 2008) 
Alloteropsis semialata J. Presl NADP-ME (Ripley et al., 2007) 
Alloteropsis semialata J. Presl PEP-CK (Osborne et al., 2008)* 
Alloteropsis semialata J. Presl NADP-ME (Ripley et al., 2013) 
Alternanthera caracasana Kunth NADP-ME (Vogan and Sage, 2012)* 
Amaranthus retroflexus L. NAD-ME (Bloom et al., 2012)* 
Andropogon gerardii Vitman NADP-ME (Kakani et al., 2008b) 
Andropogon gerardii Vitman NADP-ME (Nippert et al., 2007) 
Andropogon gerardii Vitman NADP-ME (Feng and Dietze, 2013)* 
Astrebla lappacea (Lindl.) Domin [excluded] NAD-ME (Pinto et al., 2014)* 
Atriplex rosea L. NAD-ME (Oakley et al., 2014) 
Bothriochloa ischaemum (L.) Keng NADP-ME (Anderson et al., 2001)* 
Chloris gayana Kunth PEP-CK (Pinto et al., 2014)* 
Cleistogenes squarrosa (Trin.) Keng NAD-ME (Xu et al., 2014)* 
Cleome gynandra L. NAD-ME (Voznesenskaya et al., 2007)* 
Cynodon dactylon (L.) Pers. NAD-ME (Carmo-Silva et al., 2008) 
Cynodon dactylon (L.) Pers. NAD-ME (Mantlana et al., 2008) 
Cyperus articulatus L. NADP-ME (Mantlana et al., 2008) 
Cyperus papyrus L. NADP-ME (Mantlana et al., 2008) 
Echinochloa frumentacea Link NADP-ME (Pinto et al., 2014)* 
Eragrostis lehmanniana Nees NAD-ME (Mantlana et al., 2008) 
Flaveria bidentis (L.) Kuntze NADP-ME (Bloom et al., 2012)* 
Flaveria bidentis (L.) Kuntze NADP-ME (Vogan and Sage, 2012)* 
Flaveria bidentis (L.) Kuntze NADP-ME (Pengelly et al., 2010) 
Gisekia pharnacioides (L.) NAD-ME (Bissinger et al., 2014) 
Heliotropium texanum I. M. Johnst. NADP-ME (Vogan and Sage, 2012)* 
Heteropogon contortus (L.) P. Beauv. ex Roem. & Schult. NADP-ME (Ripley et al., 2010)* 
Heteropogon contortus (L.) P. Beauv. ex Roem. & Schult. PEP-CK (Pinto et al., 2014)* 
Imperata cylindrica (L.) P. Beauv. NADP-ME (Mantlana et al., 2008) 
Miscanthus junceus (Stapf) Pilg. NADP-ME (Mantlana et al., 2008) 
Miscanthus sacchariflorus (Maxim.) Franch. NADP-ME (Glowacka et al., 2015)* 




Table A.1 cont 
Species C4 subtype Reference 
Miscanthus sinensis Andersson NADP-ME (Feng et al., 2012) 
Miscanthus x giganteus Greef et Deu. NADP-ME (Glowacka et al., 2015)* 
Miscanthus x giganteus Greef et Deu. NADP-ME (Friesen et al., 2014)* 
Miscanthus x giganteus Greef et Deu. NADP-ME (Wang et al., 2012a)* 
Miscanthus x giganteus Greef et Deu. NADP-ME (Feng et al., 2012) 
Miscanthus x giganteus Greef et Deu. NADP-ME (Sun et al., 2012) 
Miscanthus x giganteus Greef et Deu. NADP-ME (de Souza et al., 2013)* 
Muhlenbergia montana (Nutt.) Hitchc. NAD-ME (Pittermann and Sage, 2001) 
Panicum coloratum L. NAD-ME (Pinto et al., 2011) 
Panicum coloratum L. NAD-ME (Pinto et al., 2014)* 
Panicum maximum Jacq. PEP-CK (Pinto et al., 2014)* 
Panicum miliaceum L. NAD-ME (Cunniff et al., 2008) 
Panicum monticola Hook.f. PEP-CK (Pinto et al., 2014)* 
Panicum repens L. PEP-CK (Mantlana et al., 2008) 
Panicum virgatum L. NAD-ME (Albaugh et al., 2014)* 
Panicum virgatum L. NAD-ME (Wang et al., 2012a)* 
Paspalum dilatatum Poir. NADP-ME (Soares et al., 2008) 
Paspalum dilatatum Poir. NADP-ME (Soares-Cordeiro et al., 2011) 
Paspalum dilatatum Poir. NADP-ME (Carmo-Silva et al., 2008) 
Paspalum notatum Flueggé NADP-ME (Kakani et al., 2008a) 
Pennisetum centrasiaticum Tzvelev  (Niu et al., 2008)* 
Pennisetum violaceum (Lam.) Rich. NADP-ME (Cunniff et al., 2008) 
Saccharum officinarum L. NADP-ME (Friesen et al., 2014)* 
Saccharum officinarum L. NADP-ME (Jaikumar, 2016)* 
Saccharum spp. NADP-ME (Friesen et al., 2014)* 
Saccharum spp. NADP-ME (Marchiori et al., 2014)* 
Saccharum spp. NADP-ME (De Souza, 2011)* 
Schizachyrium scoparium (Michx.) Nash NADP-ME (Feng and Dietze, 2013)* 
Setaria viridis (L.) P. Beauv. NADP-ME (Cunniff et al., 2008) 
Sorghastrum nutans (L.) Nash NADP-ME (Nippert et al., 2007) 
Sorghastrum nutans (L.) Nash NADP-ME (Feng and Dietze, 2013)* 
Sorghum arundinaceum (Desv.) NADP-ME (Cunniff et al., 2008) 
Sorghum bicolor (L.) Moench NADP-ME (Jaikumar, 2016)* 
Spartina alterniflora Loisel. PEP-CK (Ge et al., 2014)* 
Themeda triandra Forssk. NADP-ME (Ripley et al., 2010)* 
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Table A.1 cont 
Species C4 subtype Reference 
Tristachia leucothrix Nees NADP-ME (Ripley et al., 2010)* 
Urochloa trichopus (Hochst.) Stapf PEP-CK (Mantlana et al., 2008) 
Zea mays L. NADP-ME (Wang et al., 2012b) 
Zea mays L. NADP-ME (Chen et al., 2013) 
Zea mays L. NADP-ME (Bloom et al., 2012)* 
Zea mays L. NADP-ME (Kim et al., 2006) 
Zea mays L. NADP-ME (Wang et al., 2014)* 
Zea mays L. NADP-ME (Pengelly et al., 2011)* 
Zea mays L. NADP-ME (Markelz et al., 2011)* 
Zea mays L. NADP-ME (Horst et al., 2008) 
Zea mays L. NADP-ME (Cousins and Bloom, 2003) 
Zea mays L. NADP-ME (Arena et al., 2011) 
Zea mays L. NADP-ME (Leakey et al., 2006) 
Zea mays L. NADP-ME (Pinto et al., 2014)* 
Zea mays L. NADP-ME (Sharwood et al., 2014) 
Zea mays L. NADP-ME (Chen et al., 2009)* 
Zea mays L. NADP-ME (Cunniff et al., 2008) 
Zea mays L. NADP-ME (Kim et al., 2007)* 
Zea mays L. NADP-ME (Sun et al., 2012) 





Appendix A.2: Supplementary references for data collection 
Albaugh JM, Domec JC, Maier CA, Sucre EB, Leggett ZH, King JS. 2014. Gas exchange and stand-level 
estimates of water use and gross primary productivity in an experimental pine and switchgrass intercrop 
forestry system on the Lower Coastal Plain of North Carolina, USA. Agricultural and Forest Meteorology 
192, 27-40. 
Anderson LJ, Maherali H, Johnson HB, Polley HW, Jackson RB. 2001. Gas exchange and photosynthetic 
acclimation over subambient to elevated CO2 in a C3-C4 grassland. Global Change Biology 7, 693-707. 
Arena C, Vitale L, De Santo AV. 2011. Influence of irradiance on photosynthesis and PSII photochemical 
efficiency in maize during short-term exposure at high CO2 concentration. Photosynthetica 49, 267-274. 
Bissinger K, Khoshravesh R, Kotrade JP, Oakley J, Sage TL, Sage RF, Hartmann HEK, Kadereit G. 2014. 
Gisekia (Gisekiaceae): phylogenetic relationships, biogeography, and ecophysiology of a poorly known C4 
lineage in the caryophyllales. American Journal of Botany 101, 499-509. 
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Ecology 93, 355-367. 
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remains slow under drought conditions. Plant Cell and Environment 31, 925-940. 
Chen JW, Yang ZQ, Zhou P, Hai MR, Tang TX, Liang YL, An TX. 2013. Biomass accumulation and 
partitioning, photosynthesis, and photosynthetic induction in field-grown maize (Zea mays L.) under 
low- and high-nitrogen conditions. Acta Physiologiae Plantarum 35, 95-105. 
Chen YG, Ni XZ, Buntin GD. 2009. Physiological, Nutritional, and Biochemical Bases of Corn Resistance to 
Foliage-Feeding Fall Armyworm. Journal of Chemical Ecology 35, 297-306. 
Cousins AB, Bloom AJ. 2003. Influence of elevated CO2 and nitrogen nutrition on photosynthesis and 
nitrate photo-assimilation in maize (Zea mays L.). Plant Cell and Environment 26, 1525-1530. 
Cunniff J, Osborne CP, Ripley BS, Charles M, Jones G. 2008. Response of wild C4 crop progenitors to 
subambient CO2 highlights a possible role in the origin of agriculture. Global Change Biology 14, 576-587. 
De Souza AP. 2011. Photosynthetic mechanisms and source-sink relationship in sugarcane grown in 
elevated CO2, University of Sao Paulo, Brazil. 
de Souza AP, Arundale RA, Dohleman FG, Long SP, Buckeridge MS. 2013. Will the exceptional 
productivity of Miscanthus x giganteus increase further under rising atmospheric CO2? Agricultural and 
Forest Meteorology 171, 82-92. 
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Appendix B: Chapter 2 supplementary table and figure 
Fig. B.1: Video of 3D leaf image of a representative leaf cross-section of Zea mays, with quantification of the size of mesophyll and bundle-
sheath cell compartments and the chloroplasts within. This video corresponds to the leaf section shown in Figure 2, and is saved in a separate file 





Table B.1: Table of published measurements of light saturated net photosynthetic CO2 uptake (Asat) in Z. Mays (Glowacka et al., 2016; Long, 
1983; Naidu and Long, 2004; Naidu et al., 2003), S. officinarum (Glowacka et al., 2016; Spitz, 2015), A. semialata (Osborne et al., 2008), and M. 
x giganteus (Friesen and Sage, 2016; Glowacka et al., 2014; Glowacka et al., 2016; Glowacka et al., 2015; Naidu and Long, 2004; Naidu et al., 





m-2 s-1) Species Source 
15 17.02 Alloteropsis semialata J. Presl Osborne et al., 2008 
21 20.51 Alloteropsis semialata J. Presl Osborne et al., 2008 
25 24.82 Alloteropsis semialata J. Presl Osborne et al., 2008 
30 29.74 Alloteropsis semialata J. Presl Osborne et al., 2008 
35 30.35 Alloteropsis semialata J. Presl Osborne et al., 2008 
40 26.66 Alloteropsis semialata J. Presl Osborne et al., 2008 
5 5.303 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
10 9.944 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
15 15.58 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
20 21.71 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
25 25.35 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
30 28.34 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
38 26.85 Miscanthus x giganteus Greef et Deu. Naidu et al., 2003 
25 18.3 Miscanthus x giganteus Greef et Deu. Glowacka et al., 2014 
10 7.9 Miscanthus x giganteus Greef et Deu. Glowacka et al., 2014 
25 28.71 Miscanthus x giganteus Greef et Deu. Spitz, 2015 
10 8.5 Miscanthus x giganteus Greef et Deu. Spitz, 2015 
15 10.3 Miscanthus x giganteus Greef et Deu. Glowacka et al., 2015 
25 28.2 Miscanthus x giganteus Greef et Deu. Naidu and Long, 2004 
14 19.5 Miscanthus x giganteus Greef et Deu. Naidu and Long, 2004 
25 17.2 Miscanthus x giganteus Greef et Deu. Glowacka et al., 2016 
10 6.4 Miscanthus x giganteus Greef et Deu. Glowacka et al., 2016 
5 4.583 Miscanthus x giganteus Greef et Deu. Friesen and Sage, 2016 
10 11.04 Miscanthus x giganteus Greef et Deu. Friesen and Sage, 2016 
15 18.33 Miscanthus x giganteus Greef et Deu. Friesen and Sage, 2016 
20 25.2 Miscanthus x giganteus Greef et Deu. Friesen and Sage, 2016 
25 33.95 Miscanthus x giganteus Greef et Deu. Friesen and Sage, 2016 
30 38.75 Miscanthus x giganteus Greef et Deu. Friesen and Sage, 2016 










m-2 s-1) Species Source 
40 38.33 Miscanthus x giganteus Greef et Deu. 
Friesen and Sage, 
2016 
25 26.5 Saccharum officinarum L. Spitz, 2015 
15 16.9 Saccharum officinarum L. Spitz, 2015 
25 21.7 Saccharum officinarum L. Glowacka et al., 2016 
10 7.7 Saccharum officinarum L. Glowacka et al., 2016 
25 37.4 Zea mays L. 
Naidu and Long, 
2004 
14 7 Zea mays L. 
Naidu and Long, 
2004 
25 21.3 Zea mays L. Glowacka et al., 2016 
10 8.8 Zea mays L. Glowacka et al., 2016 
5 2.337 Zea mays L. Long, 1983 
10 6.06 Zea mays L. Long, 1983 
15 10.92 Zea mays L. Long, 1983 
20 18.17 Zea mays L. Long, 1983 
25 25 Zea mays L. Long, 1983 
5 3.131 Zea mays L. Naidu et al., 2003 
10 7.747 Zea mays L. Naidu et al., 2003 
15 13.35 Zea mays L. Naidu et al., 2003 
20 22.41 Zea mays L. Naidu et al., 2003 
25 28.02 Zea mays L. Naidu et al., 2003 
30 31.97 Zea mays L. Naidu et al., 2003 
35 31.64 Zea mays L. Naidu et al., 2003 





Appendix C: Chapter 3 supplementary figures 
Figure C.1: Schematic of photosynthetic parameter analysis method in both controlled environment experiments. Solid lines describe a typical 
time course for Vmax, Vpmax, Asat, gs, and ΦPSII. Data from days 0-15 was fit with a single equation which describes the transition from warm to 
chilling temperatures (days 0-1) followed by long-term acclimation to chilling temperature (days 1-15). y0 gives the parameter value prior to the 
chilling treatment. a gives the minimum value reached during the chilling period. λ describes the rate of change from y0 to a. b allows for linear 
variation of the asymptote reached during the chilling period, with b>0 indicating an increase of the parameter value during cold days, b<0 a 
decrease of the parameter value during cold days, and b=0 indicating a stable value is reached during cold days. Chilling days (days 1-15) were 






Figure C.2: Air temperatures during the months of June and July 2014. Temperatures were measured at 10 minute intervals and averaged per hour 
at 20 cm (solid line) and 150 cm (dotted line) above the surface of the soil. Arrows indicate nights during which Fv/Fm measurements were made 







Figure C.3: Dark-adapted maximum quantum yield of PSII photochemistry (Fv/Fm) of Siberian Miscanthus sacchariflorus accessions and 
Miscanthus x giganteus. Measurements were taken overnight in the field during a chilling period in which average air temperatures did not 
exceed 15° C. Each bar is the mean (±1 s.e.) of 4-8 measurements. Accessions that were selected for one further controlled environment chilling 





Figure C.4: Pictures of representative plants of Miscanthus x giganteus and Miscanthus sacchariflorus accessions taken before and after a 15-day 




















Figure C.5: Means and standard errors of photosynthetic parameters over chilling days (days 1-15) relative to the pre-chilling value (day 0). 
Values are shown for Miscanthus x giganteus and accessions RU2012-114, RU2012-112, and RU2012-069 of Miscanthus sacchariflorus for the 
following photosynthetic parameters: light-saturated operating photosynthesis (Asat), ci -saturated photosynthesis (Vmax), and maximum apparent 
rate of PEPc carboxylation (Vpmax). * identifies significantly greater value of the parameter throughout days 1-15 (one-tailed repeated measures 




















Table D.1: List of variables used in the C
4
 leaf model 
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Figure D.1: Observed mean diurnal variation of PAR radiation (a), long wave radiation  (b), relative humidity (c), NIR radiation (d), air 
temperature (e), and wind velocity (f) in Bondville, IL for years 2002 to 2010. The solid line represents the mean value, and the grey zone represents the 
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Appendix F: Chapter 6 supplementary figures 
Figure F.1: Schematic of IG response curve analysis method, where IG is in theory linearly related to leaf stomatal conductance to water vapor 
(gs). Each curve was measured on a single leaf of Sorghum bicolor (L.) Moench, acclimated to Q=750 µmol m-2 s-1 for 40 minutes. At t=0, 
indicated by an arrow, Q was reduced by 90%. Black circles show the raw IG data. Crosses show measurements from t=0 to t=0.9 minutes which 
were removed because they consistently showed an anomalous spike. IGlight, the light-acclimated value of IG, was measured as the mean IG from 
t=-5 to 0 minutes (bold red circle). IGshade, the shade-acclimated value of IG, was measured as the mean IG from t=52 to 60 minutes (blue circle). 
IGΣ shade was measured as the area under the curve from t=0 to 60 minutes. IGinitial min was identified as the minimum of IG reached immediately 
after t=0 (dotted pink line). IGoscillation max was identified as the maximum of IG reached during the stomatal re-opening phase (short-dash pink 
line). The time at which IG reached 110% of IGinitial min was recorded as Xinitial min. Vinitial, the initial rate of decline in IG after t=0, was calculated as 
the exponential rate of decay of IG vs. time from t=-0.1 minutes to t= Xinitial min (bold solid green line). Voscillation was the linear rate of increase in 





Figure F.2: Graphical representation of the variance from population structure controlled for by the inclusion of principal components as 







Figure F.3: Linkage disequilibrium (LD) decay plot 
 
 
